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General introduction
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General introduction

Plants have to constantly cope with a suite of abiotic stress factors, such
as drought, heat or flooding, as well as biotic interactions, such as insect
pests or pathogens. Plant performance thus depends on the ability to
quickly perceive changes or threats in the environment and to express
an adaptive response. Despite the continued breeding for more (a)biotic
stress resistant/tolerant crop varieties, unfavourable weather conditions
and plant enemies still cause hundreds of billion US$ of agricultural losses
every year, whereby the negative effects of combined stresses surpass
the sum of individual stress factors (Atkinson & Urwin 2012; Suzuki et al.
2014). Moreover, global agricultural and natural ecosystems are expected
to suffer from increases in the frequency and extent of drought, flooding
and insect herbivory due to climate change (Robinet & Roques 2010; IPCC
2013). Thus, new knowledge on how to generate crops with enhanced
tolerance to stress combinations are urgently needed.
Much effort has been made to understand the molecular mechanisms
underlying plant adaptive responses to individual stresses, which are
modulated by a network of signalling pathways that often involve hormones
(Peleg and Blumwald 2011; Pieterse et al. 2012; De Vleesschauwer et al.
2014; Kazan 2015). Cross-talks between the hormonal signalling have
been shown to play an important role in fine-tuning plant growth responding
to abiotic stresses and defence production as well as in optimizing resource
allocation to these responses. Despite the fact that these stresses
commonly occur simultaneously in the environment, knowledge on how
hormonal signalling interacts to regulate plant responses to multiple
stresses is very limited.

Regulation of induced plant responses to insect herbivores
In natural habitats, plants have to defend themselves against herbivorous
insects with different feeding strategies, including, but not limited to, leaf
chewing beetles or caterpillars, piercing-sucking thrips or spider mites,
and phloem-sucking aphids or whiteflies. Plant defence mechanisms may
vary from morphological (e.g. trichomes, waxes) to chemical defences (e.g.
alkaloids, glucosinolates (GS), protease inhibitors (PI)), which are often
induced upon herbivory (Schaller 2008). When insects are feeding on
plants, herbivore associated molecular patterns (HAMPs) and endogenous
damage associated molecular patterns (DAMPs) are released (Acevedo
et al. 2015). Upon perception of these cues, phytohormones, including,
but not restricted to, jasmonic acid (JA), abscisic acid (ABA) and ethylene
(ET), accumulate to activate signalling cascades that regulate downstream
11
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transcriptional responses (summarized in Fig. 1a-c). Among them, JA and
particularly its most active isoleucine conjugate (JA-Ile), are generally
accepted as the core inducers of many herbivore-induced defences
(Howe and Schaller 2008; Tytgat et al. 2013; Wasternack and Hause
2013). JA-insensitive or deficient mutants, therefore, exhibit very low
levels of resistance to a wide range of herbivorous insects from different
orders (Thaler et al. 2002; Bodenhausen and Reymond 2007; Schweizer
et al. 2013).
In response to the highly species-specific HAMPs (Xu et al. 2015),
other signalling hormones in addition to JA are induced upon feeding to
tailor the defences against the attacker. For example, feeding by Manduca
sexta induces the accumulation of JA and ET, whereas Spodoptera exigua
induces JA and salicylic acid (SA) in Nicotiana attenuata (Diezel et al.
2009). In contrast, S. exigua induces JA and ET accumulation in maize
(Zea mays) and Arabidopsis thaliana (Schmelz et al. 2003; Rehrig et al.
2014), whereas Pieris rapae triggers JA and ABA levels in the latter species
(Vos et al. 2013b). Simultaneous SA and JA accumulation also occurs
upon herbivory by the Colorado potato beetle (Leptinotarsa decemlineata)
and the mealy bug (Phenacoccus solenopsis) on tomato plants (Solanum
lycopersicum) (Chung et al. 2013; Zhang et al. 2015a). Although not
all hormones were measured in each study, this strongly suggests that
plant hormonal responses to herbivores depend on the specific plantinsect interaction. Cross-talk between JA and other phytohormones has
been proposed to fine-tune plant defence responses to specific attackers
(Pieterse et al. 2012; Erb et al. 2012).

ABA in defence regulation
ABA synthesis and signalling is required for plants, such as Arabidopsis,
tomato and N. attenuata, to fully activate defences and resistance
against their herbivores; ABA deficiency increases plant susceptibility to
herbivory (Thaler and Bostock 2004; Bodenhausen and Reymond 2007;
Vos et al. 2013b; Dinh et al. 2013). Furthermore, ABA is involved in
signalling process inducing JA-dependent defence responses in systemic
tissues (Erb et al. 2009; Vos et al. 2013b). The synergistic interaction
between JA and ABA can occur via the transcription factor (TF) MYC2
and its homologs MYC3 and MYC4 in Arabidopsis (Fig. 2). ABA induces
COI-dependent expression of MYCs, which induce plant resistance to
insects by regulating many wound/herbivore-responsive genes, e.g.
VSPs (Vegetative Storage Proteins), LOXs (Lipoxygenases) and glucosinolate
12
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biosynthetic genes (Lorenzo et al. 2004; Dombrecht et al. 2007;
Schweizer et al. 2013). In tomato, the ABA/JA/wounding-responsive
expression of LAP (Leucine Aminopeptidase) and the PI gene PIN2
are directly regulated by MYC2 orthologs, JAMYC2 and JAMYC10
(Peña-Cortés et al. 1995; Boter et al. 2004). However, due to the strong
mutual antagonism between ABA and ET, and the fact that some JAresponsive defences are mediated by ET (discussed below), ABA also
negatively affects some JA/ET-dependent defences, such as nicotine
biosynthesis in tobacco plants (Nicotiana tabacum) (Anderson et al. 2004;
Lackman et al. 2011).
One of the key questions is where in the signalling cascades interactions
between JA and ABA occur. The requirement of normal ABA biosynthesis
for JA production (Adie et al. 2007), the COI-dependency of the ABAinduced MYC2 expression (Lorenzo et al. 2004) and the fact that methyljasmonate (MeJA) still induces LAP and PIN2 in ABA-deficient mutants
(Carrera and Prat 1998), suggest that the interaction occurs upstream
of JA signalling. Indeed, JA and ABA mutually enhance their biosynthesis
(Adie et al. 2007; Fan et al. 2009; Brossa et al. 2011). Knowledge on
the molecular mechanism of such interaction, however, is still lacking.
Interestingly, it has been shown that interactions may also occur more
downstream. A mechanism similar to the suppression of JA-induced TFs by
the JAZ-NINJA-TPL complex was identified for the ABA-dependent TF ABI5
(ABA insensitive 5) in Arabidopsis. ABI5 binding proteins (AFPs) are NINJA
homologs and contain the EAR motif to interact with the corepressors TPL
or TPRs for ABI5 inactivation (Pauwels et al. 2010). Although the tested
AFPs do not interact with JAZ1, this similarity nevertheless suggests that
JA-ABA interaction may exist at the JAZ-NINJA connection, downstream of
JA biosynthesis, dependent on the binding specificity of JAZs to NINJA or
ABPs. This is supported by the recent finding that ZmJAZ14, a JAZ protein
in maize, is involved in both JA and ABA signalling (Zhou et al. 2015).

ET in defence regulation
Like JA, ET signalling upon feeding by insect herbivores is common among
plants. However, ET has very variable effects on defence regulation,
acting more as a modulator of herbivore-induced responses than a direct
elicitor (von Dahl and Baldwin 2007). Very few plant defences are directly
regulated by ET. One known case is the induction of a defensive 1-cysteine
protease, Mir1-CP, which acts against both chewing Spodoptera frugiperda
and phloem-feeding Rhopalosiphum maidis in maize. JA also induces
13
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Figure 1. Schematic overview of hormonal signalling. (A) A model of jasmonic acid (JA) signalling,
adapted from Pauwels et

al. (2010). In the absence of JA, JAZs recruit the co-repressor TPL and

TPRs via the EAR motif of the adaptor protein NINJA to suppress JA-responsive gene expression.
This can also occur directly via the JAZ’s EAR motif (Shyu

et al. 2012). In the presence of JA,

JA-isoleucine conjugates are formed and facilitate the interaction between JAZs and SCFCOI1,
a multi-protein E3 ubiquitin ligase complex. This promotes JAZ ubiquitination and subsequent
degradation by 26S proteasomes, resulting in the release of NINJA-TPL complex and activation
of basic helix-loop-helix MYC transcription factors (TFs) to regulate JA-responsive genes. (B) A
model for abscisic acid (ABA) signalling, adapted from Cutler

et al. (2010). In the absence of

ABA, PP2Cs are active to prevent SnRK2 activity. In the presence of ABA, PYR/PYL/RCARs bind
to and inhibit PP2Cs, which allows phosphorylated SnRK2s to accumulate and subsequently
phosphorylate ABFs to regulate ABA-responsive gene expression. (C) A model of ethylene (ET)
signalling, adapted from Cho & Yoo (2014). In the absence of ET, the negative regulator CTR1 binds
to membrane-bound ET receptors (ETRs) and inactivate the positive regulator EIN2. Moreover, the
downstream primary TFs, EIN3 and EIL1, are constantly subjected to proteasomal degradation
guided by EBF1 and EBF2. When ET has accumulated and binds to ET receptors, the ETR-CTR1 is
inactivated. This leads to cleavage of C-terminal half of EIN2 and its translocation into nucleus to
stabilize EIN3 by inactivating EBFs. EIN3 then regulates expression of downstream ET-responsive
AP2/ERF TFs, such as ERF1 and ORA59. Abbreviations: ABF: ABA-Responsive Element Binding
Factor; AP2/ERF: Apetala2/Ethylene Response Factor; COI1: Coronatine Insensitive1; CTR1:
Constitutive Triple Response1; EBF: EIN3-Binding F-Box Protein; EIL1: EIN3-Like Protein1; EIN2/
EIN3: Ethylene Insensitive2/3; EAR: ERF-Associated Amphiphilic Repression; JAZ: JasmonateZIM Domain Corepressor; NINJA: Novel Interactor Of JAZ; ORA59: Octadecanoid-Responsive
Arabidopsis AP2/ERF Domain Protein59; PP2C: Type 2C Protein Phosphatase; PYR/PYL/RCAR:
Pyrabactin Resistance1/PYR-Like/Regulatory Component Of ABA Receptor; TPL: Groucho/Tup1Type Co-Repressor TOPLESS; TPR: TPL-Related Protein; SCF: Skp, Cullin, F-Box Containing; SnRK2:
Sucrose Non-Fermenting1-Related Protein Kinase2 Protein.

Mir1-CP expression upon S. frugiperda feeding, which is dependent on
ET signalling, since MeJA treatment had no effect on Mir1-CP induction in
maize plants with blocked ET signalling (Ankala et al. 2009; Louis et al.
2015). In many cases, ET has been shown to modulate JA-mediated insect
defences, similar to the well-documented ET-JA synergism in regulating
defensive genes induced upon infestation by necrotrophic pathogens, such
as PDF1.2 (Plant Defensin 1.2) and PRs (Pathogenesis-Related genes),
via their co-regulation of the AP2/ERF TFs ERF1 and ORA59 (Lorenzo
et al. 2003; Pré et al. 2008). For example, ET signalling contributes to
the JA-mediated volatile emission upon S. exigua herbivory on maize or
15
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Bemisia tabaci infestation of Arabidopsis (Schmelz et al. 2003; Zhang et
al. 2013a). The wound-induced expression of tomato PIN2 requires both
intact JA and ET pathways, but compromising ET signalling does not affect
the M. sexta-increased PI transcript levels in N. attenuata (O’Donnell
et al. 1996; Onkokesung et al. 2010a). The complex involvement of ET
in modulating herbivore/JA-induced defence responses also shows in
nicotine biosynthesis. Defective ET signalling in N. attenuata, in one case,
resulted in reduced basal nicotine contents while enhanced inducibility of
nicotine biosynthesis after M. sexta herbivory (von Dahl et al. 2007), but in
other experiments, did not affect basal nicotine levels and attenuated the
JA-induced nicotine response (Shoji et al. 2000; Winz and Baldwin 2001;
Onkokesung et al. 2010a). Nevertheless, both maize and N. attenuata
with compromised ET signalling are more susceptible to M. sexta and S.
frugiperda, respectively, demonstrating the role of ET in fortifying plant
defences in these species (Harfouche et al. 2006; Onkokesung et al.
2010a). On the other hand, ET signalling, via ERF1/ORA59 and their
upstream TFs EIN3/EIL1 (Fig. 1c), also inhibits the JA/ABA-co-induced
MYC2 and subsequently MYC2-mediated defence-related genes in
Arabidopsis (Lorenzo et al. 2004; Zhu et al. 2011b; Song et al. 2014a).
Consequently, disruptions of ET perception and signalling in etr1, ein2-1
and ein3/eil1 mutants all increase Arabidopsis resistance to the generalist
insects S. exigua and S. littoralis, whereas ET application results in plant
susceptibility. ET signalling, however, does not influence the responses
and resistance of Arabidopsis to the specialists Plutella xylostella and
Pieris rapae (Stotz et al. 2000; Mewis et al. 2005; Bodenhausen and
Reymond 2007; Song et al. 2014a).
Recent findings shed light on the mechanism of how these hormonal
cascades can interact (Fig. 2). Several JA signalling repressor JAZs bind
to and inactivate EIN3/EIL1 and recruit HDA6 (histone deacetylase6)
to repress EIN3/EIL1-dependent transcription (Zhu et al. 2011b). Upon
herbivore-induced ET and JA accumulation, ET signalling stabilizes EIN3/
EIL1 while JAZ removal by JA signalling disassociates HDA6-EIN3/EIL1 and
activates EIN3/EIL1 to transcribe downstream ERF1/ORA59. Interestingly,
the ABA-inducible MYCs also physically interact with EIN3/EIL1, which
mutually inhibits their function. Moreover, MYC2 indirectly promotes
proteasomal degradation of EIN3 by enhancing EBF1 expression (Song
et al. 2014a; Zhang et al. 2014). This illustrates how the balance between
ABA and ET signalling fine-tunes JA-mediated defences induced by
insect herbivory.
16
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Figure 2. Schematic representation of interactions between hormonal cascades regulating induced
defences against biotic agents (see text and legend Fig 1. for further details and abbreviations).
Insect herbivores induce jasmonic acid (JA)-dependent MYC2 regulation of defence-related genes,
which is enhanced by abscisic acid (ABA) signalling. Necrotrophic pathogens induce JA/ethylene
(ET)-dependent signalling to regulate ERF1 and ORA59 and downstream defence-related genes.
Several defences against insects are also induced by ET signalling, but the mechanism is not yet
known. The two branches of defence responses mutually antagonize one another. Gibberellin (GA)
and salicylic acid (SA) signalling generally inhibit JA-dependent defence responses.

SA antagonizes herbivore-induced defences
SA signalling mediates defence responses to hemi(biotrophic) pathogens
(Derksen et al. 2013). This is achieved via its receptor and signalling
regulator NPR1 (nonexpressor of PR genes1) and the action of two NPR1
homologs, NPR3 and NPR4, which are also SA receptors and mediate
NPR1 degradation in SA-concentration-dependent manners (Kuai et al.
17

2015). In some cases, SA-induced defence responses are effective against
sedentary sucking insects, such as aphids (Klingler et al. 2009; Zhang et
al. 2015a). SA accumulation in host plants can be induced by HAMPs
and can also be exploited by insects to suppress JA-mediated defences
(Thaler et al. 2012; Caarls et al. 2015). Glucose oxidase in S. exigua
oral secretion induces an SA burst in N. attenuata, which suppresses JA
and ET accumulation (Diezel et al. 2009). Moreover, several insects carry
viruses or microbes that trigger SA accumulation. Tomato spotted wilt virus
transmitted by thrips feeding increases SA concentrations in Arabidopsis,
resulting in increased performance and preference of thrips for infected
plants (Abe et al. 2012). Flagellin from Pseudomonas sp. present on the
mouth parts of L. decemlineata can induce SA accumulation in tomato
leaves upon feeding, thereby suppressing JA-dependent defences, such
as PIs and polyphenol oxidases, and herbivore-induced resistance (Chung
and Felton 2011; Chung et al. 2013).
The SA antagonism of JA-dependent defences occurs downstream of
JA biosynthesis and independently of the COI1-JAZ pathway. It inhibits
defences mediated by both ABA and ET signalling (Fig. 2). Disruption of
SA accumulation or NPR1 function thus increases resistance to several
chewing and sucking insects (Stotz et al. 2002; Mewis et al. 2005;
Zarate et al. 2007). Cytosolic NPR1 activity is also a mediator of the SAJA antagonism, which, however, is bypassed if herbivores also induce ET
accumulation (Spoel et al. 2003; Leon-Reyes et al. 2009; Van der Does
et al. 2013). Moreover, SA leads to degradation of the JA/ET-responsive
ORA59 and suppresses JA/ET-responsive GCC-box-containing genes,
including ORA59, by recruiting the SA-induced GRX480 (Glutaredoxin480)
to their promoters. This inhibits the positive transcription regulators class
II TGAs thereby repressing JA/ET-induced responses (Zander et al. 2012;
Van der Does et al. 2013; Zander et al. 2014). Less is known about how
SA inhibits JA/ABA-responsive defences. Potential points of convergence
in this interaction are WRKY TFs. WRKY62 and WRKY70 regulate the
SA-JA antagonism in defence responses and ABA-responsive defence
genes (Li et al. 2004; Mao et al. 2007), whereas WRKY18, WRKY40 and
WRKY60 are ABA-responsive and blocked by SA (Xu et al. 2006b; Chen et
al. 2010a).

Growth hormones in defence regulation
Recently, phytohormones such as gibberellins (GAs), brassinosteroids
(BRs), auxins (AUXs) and cytokinins (CKs) have also been shown to
18
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modulate JA-mediated responses to herbivores (Fig. 2 and 3), besides
their involvement in regulating defences against pathogens (Naseem
and Dandekar 2012; Denancé et al. 2013; De Bruyne et al. 2014).
For example, GA signalling interacts with JA signalling via the negative
regulators DELLAs. DELLAs and JAZs directly bind and deactivate each
other (Fig. 2; Hou et al. 2013; Song et al. 2014b). In the presence of
GA, DELLAs are degraded via the 26S proteasome, releasing JAZs to
suppress MYC2 (Hou et al. 2010; Wild et al. 2012). On the other hand,
DELLAs are necessary to attenuate S. exigua-induced JA accumulation in
Arabidopsis, and consequently GA can promote JA biosynthesis (Cheng et
al. 2009; Lan et al. 2014). Moreover, the DELLA protein RGA (repressor
of GA1-3), binds to MYC2; its removal thus increases MYC2 activity (Hong
et al. 2012). Another DELLA, RGL3 (RGA-like3), whose expression is
enhanced by JA in a MYC2-dependent manner, can competitively bind to
JAZs and further increase MYC2 activity (Wild et al. 2012). This JA-GA
synergistic interaction plays a role in trichome initiation and sesquiterpene
biosynthesis (Hong et al. 2012; Qi et al. 2014). Similarly, BRs, AUXs and
CKs influence JA signalling both positively and negatively in regulating
responses to herbivores (Dervinis et al. 2010; Yang et al. 2011; Meldau
et al. 2011).
In conclusion, interactions between hormonal signalling cascades help
plants to fine-tune their defences against a specific attacker. Conversely,
insects may have the ability to interfere with these hormonal interactions
to suppress defence responses to their benefit.

Regulation of plant responses to drought
ABA is considered as a master regulator of responses to abiotic stresses,
due to its involvement in many stress-responsive developmental processes,
such as shoot growth, stomatal movement, leaf senescence and primary
root growth (Fig. 3; Sharp et al. 2004; Daszkowska-Golec and Szarejko
2013; Liang et al. 2014). One common consequence of several abiotic
stresses, such as drought, salinity and heat, is water deficit in plant cells,
which hinders many physiological processes required for plant growth. In
such conditions, plants increase membrane water permeability, a process
that is ABA-inducible, to regulate cellular water status (YamaguchiShinozaki et al. 1992; Fray et al. 1994; Chaves et al. 2003; Parent et al.
2009; Chaumont and Tyerman, 2014). Moreover, ABA is delivered to guard
cells to induce changes in ion homeostasis leading to stomatal closure
to prevent water loss via transpiration (Daszkowska-Golec & Szarejko
19

1

2013). Stomatal closure, however, also reduces CO2 concentrations in leaf
tissues, which, together with water limitation, decreases photosynthesis
(Pinheiro & Chaves 2011). At the same time overproduction of reactive
oxygen species (ROS) in chloroplasts of stressed plants can damage
photosynthetic machinery (Lawlor & Tezara 2009; Gururani et al. 2015).
The induction of ABA signalling may alleviate the adverse effects of
abiotic stresses since ABA applications reduces damage to chloroplasts
and maintain photosynthetic stability and efficiency (Ivanov et al. 1992,
1998; Haisel et al. 2006; Zhu et al. 2011a). At transcriptional level, the
primary TF family of ABA signalling (Fig. 1b) ABA-Responsive Element
(ABRE) Binding Proteins (AREBs) or ABRE Binding Factors (ABFs) regulate
many stress responsive genes, such as Responsive to Desiccation 29B
(RD29A), Dehydrin, LAP, Late Embryogenesis Abundant (LEA) genes
(RD29B, Responsive to ABA 18 (RAB18)) and Lipid Transfer Protein (LTP)
genes (Shinozaki and Yamaguchi-Shinozaki 2007; Yáñez et al. 2009;
Hsieh et al. 2010; Orellana et al. 2010; Yoshida et al. 2010; Nakashima et
al. 2014; Gong L. et al. 2015; Yoshida et al 2015). Indeed, ABA-signalling
defective mutants, like the Arabidopsis triple areb1-areb2-abf3 plants,
are susceptible to drought (Yoshida et al. 2010, 2015). On the other hand,
overexpression of several ABA-responsive MYB TFs (Arabidopsis MYB2 and
MYB44 or potato MYB1R-1) or the Arabidopsis Receptor-like Protein Kinase
1 (RPK1) enhances stomatal closure as well as root growth, resulting in
drought tolerance (Abe et al. 2003; Jung et al. 2008; Osakabe et al. 2010;
Shin et al. 2011).
Furthermore, plant responses to drought are influenced by other
hormonal signalling cascades (Fig. 3). The ABA-JA synergism, as
mentioned before in frame of defence responses, mediates many
drought/ABA-responsive genes, such as RD26, RD22, ERDs, LEA, PIPs
and ABI1, which partly depend on the drought-inducible MYC2 (Abe et al.
2003; Fujita et al. 2004; Lorenzo et al. 2004; Bodenhausen and Reymond
2007; Lee et al. 2011). This synergism leads to co-regulation in various
physiological responses to drought stress. JA induces stomatal closure in
barley, pea (Pisum sativum) and Arabidopsis and reduces assimilation and
transpiration rates of tomato leaves, which however requires ABA signalling
(Herde et al. 1997; Bandurska et al. 2003; Suhita et al. 2004; Brossa et
al. 2011). Thus, JA is suggested to act as a modulator fine-tuning ABAdependent responses to osmotic stress (Hossain et al. 2011; Ismail et
al. 2015). Similarly, BRs promotes stomatal closure and transcription of
drought/ABA-responsive genes (Haubrick et al. 2006; Kagale et al. 2007;
20
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Zhu et al. 2015), whereas SA accumulation induces stomatal closure via
peroxidase-dependent ROS production and increases drought tolerance
(Miura et al. 2013; Okuma et al. 2014). In contrast, the sensitivity to ABA
is reduced and stomatal opening is promoted by endogenous increase
of CK or AUX concentrations. The direction of effects of CKs and AUXs,
however, might be concentration-dependent since applications with high
concentrations induce stomatal closure, explaining their inconsistent
effects on drought responses (Daszkowska-Golec & Szarejko 2013;
Gururani et al. 2015).
In contrast to JA, ET antagonizes the ABA-dependent regulation of
drought responses (Fig. 3). ET signalling induces expression the negative
regulators of ABA signalling, ABA-Insensitive1 (ABI1) and ABI2, and inhibits
the CTR1-dependent enhancement of ABA-responsive genes, including
MYC2 (Zhong and Burns 2003; Anderson et al. 2004). Overaccumulation of
ET enhances cellular oxidative stress via amplification of ROS production,
resulting in photosynthetic inhibition under osmotic and heat stresses
(Larkindale & Knight 2002; Wi et al. 2010). Moreover, an ET-accumulating
Arabidopsis mutant or ET-treated wild-type plants showed slowed or no
stomatal closure, respectively, in response to ABA treatment (Tanaka et al
2005). Conversely, ABA accumulation under drought inhibits shoot growth
and maintains primary root growth via suppressing ET biosynthesis and
signalling, which is known to promote shoot growth and inhibit root growth
(Spollen et al. 2000; Sharp et al. 2004; Yin et al. 2015).
Furthermore, like ABA, ET and JA are considered as inducers of leaf
senescence, a well-controlled process for resource remobilization during
plant development and inducible by stresses, including drought (Yang
et al. 2003; Kim et al. 2009; Liang et al. 2014; Wang et al. 2015). In
rice (Oryza sativa), both drought stress and ABA signalling induce the
expression of a leaf senescence activator, OsNAP, which regulates the
expression of senescence-associated genes (SAGs) (Liang et al. 2014).
On the other hand, drought-increased ABA levels are associated with
enhanced resource remobilization and accelerated grain filling rates (Yang
et al. 2003), which supposedly minimizes resource loss due to droughtinduced leaf senescence. The central positive regulator of ET signalling
EIN2 (Fig. 1c) was also identified as a leaf senescence regulator, Oresara2
(ORE2), which, together with EIN3, regulates senescence and cell death
via ORE1 and the drought-induced AtNAP in Arabidopsis (Kim et al. 2009,
2014; Li et al. 2013; Qiu et al. 2015; Sakuraba et al. 2015). Moreover,
JA signalling activates genes involved in leaf senescence, such as SAG29,
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via MYC2, MYC3 and MYC4 redundantly (Qi et al. 2015). MYC2 and
EIN3, thus, are suggested as interconnections between these hormonal
signalling to regulate leaf senescence, similarly to their roles in regulating
plant defences (Jibran et al 2013; Kim et al. 2015). These cross-talks, and
the cross-talks with other hormonal signalling (Jibran et al. 2013), allow
the initiation and progress of leaf senescence under stresses to be timely
regulated to avoid premature leaf loss and consequently yield reduction
(Rivero et al. 2007; Liang et al. 2014).

Regulation of plant responses to flooding
Plant responses to flooding are also regulated by interactions between
hormonal signalling, in which ET plays a central role (Fig. 1c). One of the
consequences of flooding is the reduction of gas diffusion rates, resulting
in the limitation of O2 for cellular respiration (Bailey-Serres and Voesenek
2008; Bailey-Serres et al. 2012a). To tolerate or escape the effects
of different flooding regimes, flooding-adapted plants exhibit various
physiological changes, including leaf hyponastic growth, enhanced shoot
elongation, aerenchyma formation and adventitious root (AR) development,
which are induced by ET signalling (Jackson & Armstrong 1999; Polko
et al. 2011; Dawood et al. 2014; Voesenek & Bailey-Serres 2015). Full
submergence induces the expression of two ET-responsive TFs, SNORKEL1
(SK1) and SK2, in deepwater rice, which promote underwater internode
elongation and hollow stem extension for submergence escape (Hattori
et al. 2009). The full escape response, however, requires a GA oxidase
GA20ox, which is involved in the accumulation of active GAs in internode
tissues (Ayano et al. 2014). In Rumex palustris, petiole elongation and
hyponastic growth are also regulated by GA-responsive phytochromeinteracting factors (PIFs), whose transcription and activation is promoted
by ET signalling (van Veen et al. 2013). Moreover, AUXs are accumulated
in R. palustris plants upon submergence and induce the expression of
AUX-responsive genes to promote the submergence escape responses,
such as petiole elongation (Fig. 3; Cox et al. 2004, 2006). This escape
strategy in R. palustris plants, however, depends on ET signalling to
suppress ABA signalling (Benschop et al. 2005, 2007; Chen et al. 2010b;
van Veen et al. 2013). Similarly, the ET-induced formation of ARs with
high porosity to facilitate gas exchange in flooded plants is co-regulated
by AUXs but suppressed by ABA signalling (Cox et al. 2004, 2006; Sauter
2013; Dawood et al. 2016).

22

General introduction

On the other hand, ET signalling and low O2 condition trigger the
attenuation of plant growth and metabolism in several rice cultivars,
thus conserving resources to tolerate short and deep flooding (BaileySerres et al. 2012b). This quiescence strategy in rice is regulated by the
ERF TF Submergence 1A (SUB1A), which is rapidly accumulated upon
submergence and suppresses the expression of α-Amylase to inhibit
starch catabolism. Furthermore, SUB1A promotes the expression of genes
involved in anaerobic metabolism as well as the sensitivity to ABA, which
in turn enhances the accumulation of ROS scavengers (Fukao et al. 2006;
Xu et al. 2006a; Jung et al. 2010; Fukao et al. 2011). Moreover, SUB1A,
via a negative feedback on ET accumulation, is involved in chlorophyll
maintenance, suppresses SAGs and thus delays senescence (Fukao et al.
2012). Interestingly, GA contents are not increased upon submergence in
the rice cultivars that exhibit the quiescence strategy. In fact, two negative
regulators of GA signalling, Slender Rice 1 (SLR1) and SLR1-Like1 (SLRL1),
are accumulated and suppress GA-dependent internode elongation (Fukao
& Bailey-Serres 2008). Moreover, BR signalling promotes the accumulation
of rice SLR1 and the GA-catabolizing GA2ox7, resulting in lower GA contents
and reduced shoot elongation (Schmitz et al. 2013). These physiological
changes preserve energy and protect the photosynthetic apparatus, thus
allowing the plants to tolerate submergence and quickly recover when the
floodwaters recede.

Hormonal interactions regulate growth-defence trade-offs
The simultaneous roles of hormones in plant development and defence
led to the view that they interact to prioritize resources towards growth or
defence. The probability to survive under adverse conditions may increase
if limited resources are efficiently allocated to tolerate abiotic stresses
or to defend valuable tissues against herbivores (van Dam and Baldwin
2001; Skirycz and Inzé 2010; Atkinson & Urwin 2012; Vos et al. 2013a).
There is substantial evidence that this happens in case of pathogen attack
(Denancé et al. 2013; Huot et al. 2014); and the regulation of the growthdefence trade-off when plants are under combined abiotic stress and
insect herbivory may also follow this strategy.
The best illustrated hormonal interaction to regulate growth-defence
trade-offs is between JA and GA. Similar to their interaction in regulating
defences, JA also antagonizes GA-dependent growth responses via JAZDELLA interaction. In the absence of JA, Arabidopsis JAZ9 binds the DELLA
protein RGA, thereby preventing it from inhibiting the growth promoting TF
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PIF3. Upon herbivory, JA induces JAZ degradation and delays GA-mediated
DELLA degradation, allowing DELLAs to inhibit GA-dependent plant
growth responses (Yang et al. 2012). Furthermore, JA in concert with ET
represses cell cycle processes and expansion of leaf cells by suppressing
the cell expansion enhancers, AUXs. Conversely, AUXs were proposed
as repressors of JA synthesis and JA/ET-dependent nicotine response.
AUXs and JA, however, synergistically constrain N. attenuata regrowth
after M. sexta herbivory (Shi et al. 2006; Onkokesung et al. 2010b;
Noir et al. 2013; Machado et al. 2013). ABA and JA signalling also
synergistically suppress plant growth and reproduction under drought
stress (Kim et al. 2009; Harb et al. 2010). On the other hand, ABA
signalling antagonizes nicotine biosynthesis in N. tabacum roots via
PYL4, an ABA receptor that controls root metabolic responses to drought
and drought resistance; whereas JA suppresses PYL4 expression in
roots but enhances it in leaves (Fig. 2; Lackman et al. 2011; Pizzio et al.
2013; González-Guzmán et al. 2014). These examples show that the
growth-defence balance is tightly regulated by a sophisticated network
of hormonal cross-talk.
Furthermore, the growth-defence balance can also be controlled
by master mediators that regulate multiple hormonal cascades.
For example, the Arabidopsis CML42 (calmodulin-like protein42)
suppresses both JA-dependent insect resistance and droughtresponsive ABA accumulation; and the rice WRKY70 induces JA but
represses GA biosynthesis and signalling (Vadassery et al. 2012; Li et
al. 2015). However, the WRKY70-dependent prioritization of defences
over growth leads to resistance to the stem borer Chilo suppressalis but
susceptibility to the brown planthopper Nilaparvata lugens, indicating
once more that defence prioritization is species-specific (Li et al. 2015).

Hormonal regulation of defence responses under combined
stresses
Despite our extensive knowledge on hormonal regulatory pathways and their
interactions, predicting plant responses and phenotypes under combined
biotic and abiotic stress remains difficult. Hormonal cascades may interact in
non-additive manners and the results may enhance plant tolerance/resistance
to one stress but not to another (Atkinson & Urwin 2012; Stam et al. 2014;
Suzuki et al. 2014). Also at the transcriptional level, stress combinations
evoke responses that are unique or unpredictable from the responses to
single stresses even if the points of convergence are known (Rasmussen et
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Figure 3. Hormonal interactions regulating plant responses to abiotic stresses and defences
against biotic agents. Arrow heads indicate a positive interaction, whereas a T end, indicates an
inhibitory effect. Abscisic acid (ABA) has strong synergistic effects on JA-dependent defences,
while jasmonic acid (JA) promotes ABA-mediated stomatal closure and leaf senescence, but not
primary root growth. Dashed arrows indicate the mixed effects of ethylene (ET) on JA-dependent
defences: ET induces defence responses to necrotrophic pathogens and some responses to insect
herbivores but suppresses other insect induced defences. ABA and ET strongly antagonize each
other in many responses, but both induce leaf senescence. Interactions between JA and gibberellic
acid (GA) or auxin (AUX) to mediate growth-defence balance are also indicated.

al. 2013; Atkinson et al. 2013). Abiotic stresses, such as drought, salt, heat
or flooding, have been found to exert both positive and negative influences on
resistance to pathogens and insect herbivores (DeLucia et al. 2012; Suzuki et
al. 2014; Ramegowda and Senthil-Kumar 2015). For example, the strong JAABA synergism in many stress responses suggests that drought may promote
plant resistance to herbivores. However, while drought indeed increases
defence responses and render plants resistant to insect herbivores in some
cases, it reduces defences and resistance in others (English-Loeb et al. 1997;
Huberty and Denno 2004; Khan et al. 2010; Gutbrodt et al. 2011; Tariq et
al. 2013).
Recently, a few studies have tried to dissect hormonal interactions
occurring under simultaneous abiotic stress and herbivory. In Brassica
oleracea plants, drought and Mamestra brassicae herbivory interactively
regulate the emission of volatile organic compounds (VOCs) as an indirect
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defence (Weldegergis et al. 2015). While drought alone induces SA
accumulation and reduces the emissions of several VOCs, it also reduces
herbivore-induced JA accumulation and consequently alters the herbivoreinduced emissions of these VOCs. This resulted in M. brassicae moth
preference to lay eggs on drought-stressed plants but no differences
in larval performance compared to those on well-watered plants.
Interestingly, ABA accumulation was observed upon herbivory but not in
drought-stressed plants, possibly due to the intermittent drought stress
regime with recovery periods, during which ABA catabolism may be induced
(Wang 2002; Fleta-Soriano et al. 2015). In N. attenuata, a functioning ABA
catabolism suppressor NaHER1 (herbivore elicitor-regulated1) is required
for the full activation of VOC emission and JA-responsive direct defences
(Dinh et al. 2013). Silencing of NaHER1 resulted in increased susceptibility
to M. sexta and also drought sensitivity, suggesting that NaHER1 serves
as a connection between the two stress responses. In maize, drought and
root herbivory by Diabrotica virgifera virgifera synergistically enhance
levels of ABA and ABA-dependent defence gene transcripts in the leaves
and resistance to the leaf herbivore S. littoralis (Erb et al. 2011). However,
leaf water loss, but not the induced ABA level itself, was strongly correlated
to the resistance. This suggested that in maize hydraulic changes induced
by drought and root herbivory play a role in inducing ABA/JA-independent
signalling, which increases resistance to above-ground herbivores. These
insights, though not always as expected beforehand, are invaluable to
understand how plants fine-tune their responses to specific combined
stress conditions.
In conclusion, simultaneously occurring stresses may compromise
plant hormonal homeostasis and cause shifts in the regulation of stress
responses, which may result in lower plant survival or yield reduction.
Understanding the hormonal interactions and transcriptional responses
under combined stress conditions is thus essential for attempts to attain
the knowledge needed to breed for resilient crop plants that perform
better in adverse and variable environments. However, as shown above,
this knowledge cannot be simply inferred from experiments applying single
stresses. More studies on plants responses to multiple and simultaneous
stresses thus are needed to gain insights on how hormones truly interact
under such – more natural – conditions. Furthermore, downstream
changes induced by multiple stresses should be investigated by untargeted
high-throughput approaches, such as transcriptomics, proteomics and
metabolomics to obtain a broad and precise view of the regulatory
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and phenotypic consequences of hormonal interactions. Finally, plant
performance and resistance should be assessed to validate the ecological
effects of these molecular interactions.

Research objective and main questions
The overall objective of this thesis is to understand how plant responses
to abiotic stresses, such as drought and flooding, interfere with herbivoreinduced defence responses. To study this, I used the wild plant species
Solanum dulcamara (bittersweet or climbing nightshade; Solanaceae).
S. dulcamara is a perennial species native to Eurasia and has a broad
ecological amplitude. In The Netherlands, this species grows in a wide
range of habitats where it is exposed to highly variable levels of water
availability, such as dry coastal sand dunes and submerged reed swamps
along the inland lakes (Golas et al. 2010). Besides, S. dulcamara supports
a diverse community of herbivores, some of which are of agricultural
importance (Hare 1983; Calf & van Dam 2012). These make S. dulcamara
an evolutionarily and agriculturally relevant model for studying stress
response interactions in plants.
Plants from one population or multiple populations originating from
different habitats were subjected to drought or soil flooding treatments
prior to insect herbivory by larvae of the specialist Colorado potato
beetles (Leptinotarsa decemlineata) and the generalist beet armyworms
(Spodoptera exigua). I combined studies on the profiles of stress signalling
hormones with plant transcriptomics under single and combined stress
conditions and insect resistance assays to answer these main research
questions:
1. How do plant responses to drought and flooding interact with herbivoreinduced defence responses?
2. How does the interaction between drought and herbivory responses
depend on the insect species?
3. Do different environmental conditions in habitats of origin affect plant
defence responses to insect herbivores? And to what extent do habitat
effects interact with immediate stress responses to determine plant
defences and herbivore resistance?
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OUTLINE OF THE THESIS
In Chapter 2, I investigated the hypothesis that drought and soil flooding
have different effects on S. dulcamara plant responses to herbivory by
S. exigua. Concentrations of different stress hormones were measured
and plant transcriptomes were analysed by RNA-sequencing. The results
showed that drought-stressed plants were more resistant to S. exigua than
well-watered and flooded plants. This verified the fact that drought and
herbivory induced many transcriptional responses related to defence that
were repressed by flooding. The hormonal profiles lead to the suggestion
that the interaction between abscisic acid (ABA) and jasmonic acid (JA)
signalling, which were induced by both drought and herbivory, may be
important to optimise plant defence responses under drought stress.
Based on their distinct impacts on plant defence responses, I
hypothesized that consistent selection pressures of drought stress and
flooding in natural environments may result in plants with different
responses to herbivores. I tested the hypothesis in Chapter 3 by subjecting
S. dulcamara plants originating from multiple dry and wet habitats in The
Netherlands to different watering conditions and measured their levels
of serine-type protease inhibitors (serPI) and polyphenol oxidases (PPO).
We found that populations from dry habitats had higher serPI and PPO
levels than the ones from wet habitats, especially when plants were under
the stress that was typical to the habitat of origin. Thus, long-term abiotic
selection pressures may result in the evolution of ecotypes with different
defence strategies.
Since drought stress strongly affected S. dulcamara plants’ responses
and herbivore resistance, I focused on the effects of drought on plant
responses to different insect herbivores in Chapter 4. As plant-insect
interactions are often species-specific, I hypothesized that drought
response of S. dulcamara plants differentially interact with responses
to the generalist S. exigua and the specialist L. decemlineata. Similar to
what was found in Chapter 2, drought increased plant resistance to S.
exigua; it however, did not affect the performance of L. decemlineata.
A microarray analysis showed that CPB herbivory induced less
pronounced responses compared to BAW, possibly owing to the CPBspecific induction of SA accumulation, which is known to suppress
plant defences against herbivores. Especially under drought and herbivory
by CPB, the hormonal interactions might result in responses that were
not effective against CPB.
28

General introduction

In Chapter 5, I further tested whether distinct environmental conditions
between coastal and inland regions differentially shape plant responses to
drought and insect herbivory. The results showed that the plants collected
from the coastal region grew smaller but had more pronounced serPI
response to drought and herbivory by L. decemlineata than the inland
plants, which illustrated that different selection pressures in distinct
geographic regions may result in the evolution of distinct plant defence
strategies to herbivores.
Finally, in Chapter 6 I synthesize and discuss the results of the thesis
in respect of the current knowledge on hormonal and transcriptional
responses to multiple stresses, as well as the ecological relevance of
these molecular response interactions.
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ABSTRACT
In the field, biotic and abiotic stresses frequently co-occur. As a
consequence, common molecular signaling pathways governing adaptive
responses to individual stresses can interact, resulting in compromised
phenotypes. How plant signaling pathways interact under combined
stresses is poorly understood. To assess this, we studied the consequence
of drought and soil flooding on resistance of Solanum dulcamara to
Spodoptera exigua and their effects on hormonal and transcriptomic
profiles. The results showed that S. exigua larvae performed less well on
drought-stressed plants than on well-watered and flooded plants. Both
drought and insect feeding increased abscisic acid (ABA) and jasmonic
acid (JA) levels, whereas flooding did not induce JA accumulation. RNA
sequencing analyses corroborated this pattern: drought and herbivory
induced many biological processes that were repressed by flooding. When
applied in combination, drought and herbivory had an additive effect
on specific processes involved in secondary metabolism and defense
responses, including protease inhibitor activity. In conclusion, drought
and flooding have distinct effects on herbivore-induced responses and
resistance. Especially the interaction between ABA and JA signaling may
be important to optimize plant responses to combined drought and insect
herbivory, making drought-stressed plants more resistant to insects than
well-watered and flooded plants.
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INTRODUCTION
Plants under biotic or abiotic stresses induce numerous adaptive responses.
In the field, different stresses may co-occur, causing interactions between
plant responses that can compromise adaptation to individual stresses
(Atkinson & Urwin 2012; Suzuki et al. 2014). Ecological studies showed
that abiotic stresses such as drought and flooding affect the performance
and behaviour of insect pests (Huberty & Denno 2004; Stone et al. 2010;
Khan et al. 2011; Rivas-Ubach et al. 2014; Chakraborty et al. 2014).
Knowledge of molecular mechanisms underlying these effects, however,
is very limited. As the frequency and extent of drought, flooding, and
insect herbivory are projected to increase due to climate change (Robinet
& Roques 2010; IPCC 2013), it is essential to understand how plants
respond to combined stress conditions and provide insights in how to
improve crop plant resistance to multiple stresses.
Plant physiological and transcriptional responses to stress factors
are mediated by hormone signalling. Jasmonic acid (JA) signalling is
considered as the primary regulator of the production of plant defences
against insect herbivores (Howe & Jander 2008). Studies employing
genetic or pharmacological modifications of hormone signalling, however,
have shown that other phytohormones, such as abscisic acid (ABA),
ethylene (ET), and salicylic acid (SA), have intricate interactions with JA
signalling (Erb et al. 2012; Pieterse et al. 2012). Synergistic interactions
between ABA and JA signalling pathways in response to insect herbivory
have been observed. One of such interactions occurs via the regulation of
the basic helix-loop-helix transcription factor (TF) MYC2, which is a positive
regulator of many defence-related genes (e.g. VSP2, LOX3, LAPA) (Abe et
al. 2003; Lorenzo et al. 2004; Shinozaki & Yamaguchi-Shinozaki 2007;
Dombrecht et al. 2007; Schweizer et al. 2013). Overexpression of another
ABA-responsive TF, SlAREB1, in tomato plants (Solanum lycopersicum)
increases the expression of several JA-dependent protease inhibitor
(PI) genes, a recognized insect defence (Orellana et al. 2010). Insect
herbivory has been shown to induce both ABA and JA accumulation (Vos
et al. 2013b; Weldegergis et al. 2015). Furthermore, ABA enhances JA
biosynthesis and signalling, resulting in significantly increased transcript
levels of many herbivore-regulated genes in Arabidopsis responding to
Spodoptera littoralis and Pieris rapae as well as JA-mediated genes in
rice (Oryza sativa) (Leon et al. 2001; Lorenzo et al. 2004; Bodenhausen &
Reymond 2007; Garg et al. 2012). The ABA-deficient mutants, therefore,
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fail to induce full defence responses and are susceptible to insect
herbivores (Thaler & Bostock 2004; Bodenhausen & Reymond 2007; Dinh
et al. 2013; Vos et al. 2013b). These findings suggest that the ABA-JA
synergistic interaction is a conserved mechanism in various plant species
to regulate plant defences to insect herbivores.
While ABA clearly enhances JA-mediated responses to insect
herbivores, the effects of ET are more variable, which possibly depends
on the plant species and the insect damaging it. ET acts synergistically
with JA to fine-tune plant defences in some studies (von Dahl & Baldwin
2007; Wu & Baldwin 2010). In tomato, ET and JA co-regulate PI genes
upon wounding (O’Donnell et al. 1996). Blocking ET biosynthesis and
perception in maize (Zea mays) result in enhanced susceptibility to
Spodoptera frugiperda (Harfouche et al. 2006). In wild tobacco, Manduca
sexta causes simultaneous bursts of ET and JA (Diezel et al. 2009) and
performs better on ET-insensitive plants, which have unchanged JA levels
but reduced nicotine accumulation (Onkekosung et al. 2010). On the other
hand, ET signalling has also been shown to suppress plant resistance to
insects. Application of the ET releasing agent ethephon on Arabidopsis
increases its susceptibility to S. littoralis. The defective ET signalling in the
Arabidopsis mutant ethylene insensitive2 (ein2), caused by the malfunction
of its central regulator EIN2, renders the plant more resistant to the
herbivore (Stotz et al. 2000; Bodenhausen & Reymond 2007). Moreover,
the abolishment of Arabidopsis EIN3, a primary TF acting downstream of
EIN2, releases MYC2 and enhances the expression of several herbivoreregulated genes, such as VSPs, TAT3, CYP79B3, BCAT4 and BAT5, and the
plant resistance to Spodoptera exigua (Song et al. 2014a). Additionally,
other hormones such as SA also suppress expression of JA biosynthetic
genes and JA-dependent defensive ones, e.g. VSP2 and PDF1.2 (LeonReyes et al. 2010). Disruption of SA signalling or accumulation increase
plant resistance to many chewing insects (Cui et al. 2002; Mewis et al.
2005; Bodenhausen & Reymond 2007; Zarate et al. 2007). These studies
clearly demonstrate that interactions among hormonal signalling pathways
can affect the outcome of plant responses and resistance to insects.
Interestingly, ABA and ET are also mediators of adaptive responses
to drought and flooding, respectively (Nakashima et al. 2014; Voesenek
& Bailey-Serres 2015). ABA is synthesized in leaves or translocated from
roots to minimize the effect of drought, while ET accumulates in flooded
tissues and also evokes responses in shoots of soil-flooded plants. As
herbivore-induced responses and responses to water-related stresses
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are regulated via communal hormonal signalling pathways, interactions
between the responses are likely to emerge when both types of stresses
occur simultaneously. Hormonal interactions have been explored in
a few studies to explain the changes in direct and indirect defences of
plants under combined stress conditions. Drought and root herbivory
by Diabrotica virgifera virgifera synergistically increase levels of ABA
and transcripts of defence-related genes in maize leaves. Leaf JA levels,
however, were not affected. Moreover, the root-induced leaf-resistance to
S. littoralis is more correlated to the leaf water deficit caused by drought
and root herbivory (Erb et al. 2011). On the other hand, drought reduces
the Mamestra brassicae-induced JA accumulation in Brassica oleracea
leaves, likely due to SA accumulation, resulting in a preference of M.
brassicae moths to oviposit on drought-stressed plants (Weldegergis et
al. 2015). However, drought alone does not cause ABA accumulation
in either study showing that the role of drought-induced ABA signalling
in these hormonal interactions is still obscure. Flooding also negatively,
though inconsistently, affects the wound-induced JA accumulation in rice
roots, which is uncoupled from flooding-induced metabolic changes (Lu et
al. 2015). However, the effect of flooding on hormonal regulations upon
leaf herbivory is not known.
To better understand the molecular interactions underlying the
effects of drought and flooding on insect herbivory, we combined data
of insect performance with analyses of hormonal and transcriptomic
profiles. For this purpose, we used Solanum dulcamara, a wild relative
of tomato (S. lycopersicum) and potato (Solanum tuberosum) plants,
which displays a tremendous phenotypic plasticity and thrives in widely
contrasting habitats, from waterlogged river banks to dry coastal dunes
(Golas et al. 2010; Zhang et al. 2015b). We hypothesized that due to
the induction of ABA accumulation, drought enhances JA-mediated
responses to herbivory, resulting in reduced performance of S. exigua. On
the other hand, it was expected that flooding induces ET emission that
also affects the JA-mediated responses and insect performance, but in
a less predictable way. Untargeted RNA sequencing was used to obtain
a thorough understanding of the regulation of, and interactions between,
individual and combined stress responses at transcriptional level. The role
of stress-related hormones and their interactions are further discussed in
the context of optimizing induced defence responses to insect herbivores
in plants under abiotic stress.
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MATERIALS AND METHODS
Plant materials

A seed batch of S. dulcamara collected from Goeree (South Holland, The
Netherlands) in 2010 was used in this study. Seeds were stratified by
putting them between two layers of wet filter paper in the dark and at 4°C
for two weeks. After stratification, seeds were sown into pots (11x11x12
cm, WxLxH) containing soil mixture (Lentse Potgrond number 4, Horticoop,
Katwijk, The Netherlands) covered with a thin layer (0.5 cm) of sand,
which was kept constantly wet until cotyledons appeared. Plants were
well watered to maintain volumetric soil moisture at 36.0 ± 3.2% (mean
± SD; v/v; see below for moisture measurement) and kept in an insectfree glasshouse at 16-h photoperiod and minimum temperatures set to
20°C/17°C (day/night). Glasshouse light was supplemented with sodium
lamps (600 W, Philips, Amsterdam, The Netherlands) when natural light
fell below 250 µmol m-2 s -1. Plants were grown and subjected to treatments
during September and October 2012.

Water treatments
Thirty-days-old plants were randomly assigned to one of three water
treatments: well-watered (control), drought or flooding (n = 60 per
treatment). Soil moisture of plants under control and drought treatments
were monitored using an ML2x ThetaProbe (Delta-T Devices, Cambridge,
United Kingdom). Moisture measures were taken at least 30 minutes after
watering at two positions in opposite sides of the main stem. Only a subset
(12 to 20 plants per treatment) was measured each time, but the soil of all
pots were punctured using the probe in the beginning of measurements to
give every plant a similar level of root damage. At the onset of the abiotic
treatments (day 0, Fig. 1), plants for drought treatment, at 30.0 ± 3.5%
soil moisture, were withdrawn from the normal watering regime. Each
drought-treated plant was supplemented with 50 mL and 25 mL water
after two days and six days of the treatment, respectively, to maintain a
moderate drought treatment. Their soil moisture levels were at 9.1 ± 0.6%
after five days of drought treatment, when mild wilting of the bottom leaves
was observed, and continued to drop to 8.6 ± 1.2% and 7.9 ± 1.2% after
six and seven days into the drought treatment, respectively. The flooding
treatment, also started at day 0, consisted of waterlogging the plants to
approximately 5 cm above the soil, whereas control plants were re-watered
to obtain normal soil moisture.
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Herbivory treatment, insect performance measurements and
leaf sampling
After five days of water treatments, the youngest fully expanded leaves
were harvested from 12 plants per water treatment. On the same day,
herbivory treatment using third-instar S. exigua larvae weighing 15.2 ±
0.6 mg in average was started for half of the remaining plants while water
treatments were maintained (Fig. 1). Larvae were previously reared on a
wheat germ diet (Hoffman et al. 1966) in a climate cabinet (25°C and
16-h photoperiod; Snijders Scientific, Tilburg, The Netherlands), fed on S.
dulcamara leaves for one day and starved for about two hours before being
used. Per plant, one larva was confined to the youngest fully expanded
leaf using a white mesh bag. Leaves at a similar position on undamaged
control plants were also enclosed in mesh bags without insects. Separate
sets of plants were used and harvested for 24-h and 48-h herbivory
treatments (n = 12 per treatment combination). After removing the larvae,
the leaves were quickly cut and photographed for measuring the damaged
area using Fiji (Schindelin et al. 2012) based on ImageJ v. 1.48d, and were
flash-frozen in liquid nitrogen and stored at -80ºC. Larval weight gain and
leaf damage after 48-h herbivory were used to calculate the efficiency of
conversion of ingested food to body mass (Waldbauer 1968): Efficiency (E)
= weight gain / damaged area (mg cm-2).

Long-term insect performance and preference assays
For insect performance assays, the larvae that fed for 48 h were moved to
lower leaves to feed for four more days, during which they were weighed
and moved to undamaged leaves every two days. After the performance
assays, undamaged tops of these plants were cut to use in preference
assays. Three cuttings, one from each water treatment, were put together
in one wet soil pot in a net cage. Five 4th-instar caterpillars were applied
per cage and the number of caterpillars on each cutting after two days
was used as a measure of larval food preference. In total, 20 triple-choice
assays were performed.
Five additional performance tests were similarly carried out. Plants
were kept under control and drought treatments for five to seven days prior
to herbivory treatments with different feeding periods. Numbers of plants
ranged from 9 to 33 per treatment group. The larval performance was
calculated as relative weight gain per day (mg g-1 day-1) to be comparable
between tests.
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Sample pooling
For molecular analyses, parts of leaf material of four plants were pooled
to obtain three biological replicates per treatment combination. Since no
significant differences were observed in damage levels between water
treatments after 24 and 48-h feeding periods, samples were pooled based
on their damaged area to ensure similar levels of damage variation within
the pools. Three plants were first randomly assigned to a pool and the
average damaged area for each pool was calculated. We then compared
the average damage levels of the three water treatments and reassembled
the pools within each treatment until no statistically significant difference
in damage levels among water treatments remained. Samples from plants
under water treatments without insect herbivory were randomly assigned
to pools.

Hormone quantification
Extraction and quantification of ABA, SA, JA and JA-isoleucine conjugate
(JA-Ile) was done according to the protocol modified from Wang et al.
(2007). Briefly, 200 mg ground leaf material per pool were extracted in 1
mL extraction solution, containing ethyl-acetate and internal deuterated
standard mix: 10 ng of D4-SA, D6-ABA (OlChemIm Ltd., Olomouc, Czech
Republic) and D6-JA-Ile and 30.2 ng of D6-JA (HPC Standards GmbH,
Cunnersdorf, Germany), in the FastPrep-24 (MP Biomedicals, Solon, Ohio,
USA). Supernatants were dried in the Vacufuge (Eppendorf, Hamburg,
Germany) and reconstructed with 400 µL 70% (v/v) methanol (MeOH) and
0.1% acetic acid.
Plant hormone extracts were subjected to a UPLC-ESI-MS/MS Synapt
G2-S HDMS (Waters, Milford, Massachusetts, USA) for identification and
quantification analysis. Separations were performed on C18 column
(ACQUITY UPLC BEH-C18, 50 x 2.1 mm, particle size 1.7 µm) at 30ºC,
flow rate 0.25 mL min-1. Eluents were water (A) and MeOH (B), both
containing 0.1% formic acid, and applied in a gradient program: 30% B
for 1 min, followed by a linear increase to 90% B in 3.5 min, and 90% B
for 3.5 min. Plant hormones were identified by tandem MS in negative
ionization mode with parent/daughter ion selections of 209/59 (JA),
215/59 (D6-JA), 322/130 (JA-Ile), 328/130 (D6-JA-Ile), 253/153 (ABA),
and 269/159 (D6-ABA). MassLynx Software v. 4.1 (Waters) was used for
peak area integration and amounts of target hormones were quantified
by comparing with the related internal standards. Values of peak areas
under the detection limit were set to 0. Hormone concentrations were
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then calculated over the amount of fresh leaf material used [ng g-1 fresh
weight (FW)].
A laser-based ET detector (ETD-300, Sensor Sense B.V., Nijmegen, The
Netherlands) was used to measure on-line ET missions as described by
Nitsch et al. (2012). A separate set of plants was acclimatized for two days
at the Life Science Trace Gas Facility (Institute for Molecules and Materials,
Radboud University, Nijmegen, The Netherlands) before the onset of water
treatments. Light intensity at approximately 125 µmol m-2 s -1 was provided
by white light tubes (Philips, Amsterdam, The Netherlands) in a 16-h:8-h
(light:dark) photoperiod and temperature was controlled at 22ºC:18ºC
accordingly.
After three days of water treatments, the youngest fully expanded leaf
was enclosed in a customized cuvette built from two halves of a petri dish
(100x15 mm) and sealed with a rubber sealant (Terostat IX, Henkel, UK).
The cuvette had one opening (6x6 mm) on the side to fit the leaf petiole,
one air inlet/outlet (4 mm) on each half, and one opening (9 mm, normally
closed with a PTFE cap) to insert insects. Cuvettes were connected to an
air pump for one day for acclimation and to avoid water condensation and
ET accumulation before measurements.
After four days of water treatments, cuvettes were connected to a gas
flow through system (VC-6, Sensor Sense BV, Nijmegen, The Netherlands)
that allowed automated sampling of ET accumulation under a stop-andflow mode. Ethylene emission from each cuvette was accumulated for 60
min and alternately transported to the ET detector for 20 min at 3 L h-1 flow
rate. After 24-h measurement of baseline emission under water treatments
only, one freshly moulted 5th instar BAW larva was put into each cuvette for
herbivory treatment, and measurements were continued for another 24
h. Per measurement series (six series in total), three cuvettes contained
leaves of plants under the three water treatments and an empty one acted
as air reference.
Ethylene evolution was corrected for air flow, accumulation time and
background ET in the carrier air, resulting in ET emission rates (nL h-1).
Leaf damage after 24-h herbivory was also calculated and used to check
if it affected ET emission rates.

RNA sequencing and data processing
Eighteen pools of samples from six treatment combinations, three water
treatments for seven days with or without 48-h herbivory, were subjected
to RNA sequencing. Total RNA was extracted using RNeasy Plant Mini Kit
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(QIAGEN, Venlo, The Netherlands). Genomic DNA in RNA samples was
removed by DNase I treatment from TURBO DNA-free Kit (Ambion, Life
Technologies, Carlsbad, California, USA). Total RNA quantity and quality
were checked using a NanoDrop 1000 (Thermo Scientific, Wilmington,
Delaware, USA) and 1.5% agarose gel electrophoresis. Further quality
control of RNA samples with a LabChip GX system (PerkinElmer, Waltham,
Massachusetts, USA), polyA purification and fractionation, and sequencing
on an Illumina HiSeq 2000 platform were done by Eurofins MWG Operon
(Ebersberg, Germany). The prepared samples were indexed and balancedly
allocated in three channels with 1x100bp single read module. Quality of
de-multiplexed sequences were assessed using FastQC v. 0.10.1 (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/).
For read mapping, a subset of the de novo transcriptome assembly of
S. dulcamara from D’Agostino et al. (2013) was used as reference (24,158
contigs). This subset included all the unigenes consisting of a single
contig and the longest variants of those unigenes consisting of multiple
contigs. Methods for read mapping, library normalization, and differential
expression calls were as described by Dawood et al. (2016). In short, only
uniquely mapped reads were counted for reference contigs by bowtie v.
0.12.7 (Langmead et al. 2009). Global normalization among samples
was performed by the method implemented in the R-package DESeq
(Anders and Huber, 2010). Reads per kilobase of contig length per million
mapped reads (RPKM) values were also calculated and used to filter out
noise contigs with RPKM lower than 1 in all samples before statistical
analysis. Differential expression calls, based on normalized read counts,
were performed using the DESeq with false discovery rate (FDR) p values
calculated according to the Benjamini & Hochberg procedure (Benjamini
and Hochberg, 1995). Cutoffs were set at 2 for expression fold change
and 0.05 for FDR p value to identify contigs with significant expression
changes. Raw sequence reads and processed data files were submitted to
the Gene Expression Omnibus (GEO) repository under accession number
GSE69648. Venn diagrams of differential expressed contigs were drawn
using Venny v. 2.0 (Oliveros, 2007-2015).

Quantitative PCR (qPCR) validation
Per treatment, three individual leaf samples representing the three pools
were used for validating the RNA-sequencing results by qPCR analysis.
Total RNA extraction and cDNA synthesis were performed using Aurum Total
RNA Mini Kit (Bio-Rad Laboratories B.V., Veenendaal, The Netherlands)
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and iScript cDNA Synthesis kit (Bio-Rad), respectively. Real-time qPCR was
performed using cDNA corresponding to 23.5 ng total RNA in a 25 µL
reaction containing 200 nM of each primer and 12.5 µL iQ SYBR Green
Supermix (Bio-Rad). The reactions were carried out in a CFX96 Real-Time
System (Bio-Rad) using a two-step standard protocol (45 cycles of 15 s
at 95ºC and 30 s at 60ºC) with melt-curve analysis. Primer sequences
are provided in Supplemental Table S1. Quantification of differential
expression was performed as described in Rieu & Powers (2009).

Contig annotation
Gene ontology (GO) annotation was performed using BLAST2GO v. 2.6
(BioBam Bioinformatics S. L., Valencia, Spain; Conesa et al. 2005) on the
whole S. dulcamara transcriptome containing 32,157 contigs (D’Agostino
et al. 2013). GO terms were retrieved based on BLASTX performed
separately on three different protein reference databases: non-redundant,
swissprot and A. thaliana protein sequences. InterProScan was performed
and GO terms associated with InterPro domains were merged into each
annotation. Implicit GO terms were augmented using the ANNEX function
(Myhre et al. 2006). The three annotations originating from different
protein databases were then merged to obtain an ultimate GO annotation
for S. dulcamara contigs. For enzyme encoding contigs, EC numbers and
KEGG pathways in which these enzymes are associated with were also
retrieved. All steps were performed on default settings of the software.

Gene set enrichment analysis (GSEA) and clustering of
transcriptomic response
GSEA was performed using GSEA v. 2.1.0 (Broad Institute, Cambridge,
Massachusetts, US; Subramanian et al. 2005) on 521 biological process
(BP) terms from S. dulcamara GO annotation. Each analysis was a pairwise comparison of the whole transcriptome between a treatment and
its appropriate control and generated enrichment scores normalized to
gene set sizes (NES) and FDR q values for the test significance. An FDR q
value cutoff at 0.1 was applied to determine significantly mediated BPs.
Cytoscape v. 2.8.3 (Shannon et al. 2003) coupled with the Enrichment
Map tool of GSEA was used to visualize the results. Related clusters and
single BPs were grouped, circled and assigned with labels. To cluster the
transcriptomic responses to different stress conditions, NES generated
from GSEAs were used for hierarchical clustering using GENE-E (Broad
Institute, http://www.broadinstitute.org/cancer/software/GENE-E/index.
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html). Only gene sets with at least one significant FDR q value from all
GSEAs were included in the clustering.

Quantification of leaf total protein and PI contents
Total protein extraction and PI enzyme activity assays were adapted from
Bode et al. (2013). Approximate 100 mg of ground sample of each pool
were extracted in 500 µL of 25 mM sodium phosphate buffer (pH 7.2),
containing 150 mM NaCl, 2.0 mM EDTA, 2 mg mL-1 phenylthiourea, 5
mg mL-1 diethyldithiocarbamate and 50 mg mL-1 polyvinylpolypyrrolidone
(PVPP). Protein extracts were kept at -20ºC until further analyses.
For protein quantification (µg mg-1 FW), 20-time dilutions of protein
extracts were used in Bradford assays (Bradford, 1976) with 4-timediluted Dye Reagent Concentrate (Bio-Rad, Hercules, California, USA). A
dilution series of bovine serum albumin fraction V (Boehringer Mannheim,
Germany), from 0 to 0.5 mg mL-1 in 0.1 M Tris buffer, was used as a
reference. Assays were technically repeated three times for each sample.
Absorbance at 595 nm was measured using a Walllac Victor 1420
multilabel counter (PerkinElmer, Waltham, Massachusetts, USA) at room
temperature.
Enzyme activity assays for serine (serPI) or cysteine PIs (cysPI) were
based on the inhibitory activity of plant protein extracts on a reaction
between the serine protease trypsin or the cysteine protease papain,
respectively, and their substrate N-benzoyl-DL-arginine-b-naphtylamide
(BANA). Later, 0.06 % p-dimethylamino-cinnamaldehyde (p-DACA) in
ethanol was added to develop the reaction product. Inhibitory activity of
plant extract was calculated relative to that of a positive control reaction
containing trypsin for serPI activity (or papain for cysPI activity) but without
any plant extract. Reactions with a series of soybean trypsin inhibitor
standards (from 10 to 110 µg mL-1 in 0.1 M Tris buffer) were included as a
reference for serPI activity. Final serPI content was calculated over sample
FW (µg g-1 FW) or relatively to total protein content of the same extract (µg
mg-1 protein). CysPI activity was calculated as percentage of inhibition,
compared with the positive control reaction, per FW (%inhibition g-1 FW)
or relative to total protein content (%inhibition µg-1 protein). SerPI and
cysPI activity assays were repeated three and two times, respectively, for
each sample. Absorbance at 550 nm was measured using a Wallac Victor
1420 (Perkin Elmer, Waltham, MA, US) at room temperature. All chemicals
were purchased from Sigma-Aldrich (St. Louis, Missouri, USA) if not
stated otherwise.
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Figure 1. Schematic illustration of water and insect herbivory treatments and sampling for the
molecular analyses. Water treatments, drought, flooding and well-watered, were started on day 0.
The progress of the drought treatment was monitored by volumetric soil moisture, shown as the
moisture ratio of drought to control treatment. The flooding treatment was applied by waterlogging
the plants to approximately 5 cm above the soil. The herbivory treatment by Spodoptera exigua
was started after 5 days of the water treatments. Leaf sampling for molecular analyses was done
on day 5 (t = 0 h, before herbivory), day 6 (t = 24 h, with or without 24h herbivory) and day 7
(t = 48 h, with or without 48h herbivory).

Statistics
RNA-sequencing data were analysed as described above. Differences in
insect performance, hormone concentrations and total protein and PI
contents were statistically tested using PASW Statistics v.21 (IBM, New
York, USA). Levene’s and Shapiro-Wilk tests were performed to check for
homogeneity of variance and normality, respectively. For insect weight
gain and ET emission rates, mixed ANOVAs (for repeated measures) was
used to test for main effect of water treatments. Three-way ANOVA was
used to analyse effects of abiotic stresses and insect herbivory for 24 or
48h on data of hormone concentrations, protein and PI contents. Two-way
ANOVAs were also used for data of hormone concentrations, protein and PI
contents from days 5 to 7 in the absence of herbivory to test for the main
effects of water treatments. Hormone data were log10-transformed before
analysed. These tests were followed by one-way ANOVAs and independent
samples T-Tests to determine significant differences between treatments.
One-way ANOVAs were followed by Fisher’s Least Significance Difference
(LSD) tests, whereas Kruskal-Wallis test for non-normally distributed data
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was followed by Mann-Whitney U tests. For triple-choice preference assay,
Friedman test for dependent variables was used to determine significant
differences in insect distribution followed by Wilcoxon signed-rank tests
for pairwise comparisons.

RESULTS

Effect of abiotic stresses on herbivore performance and
preference
To determine the effect of water-related stresses on insect herbivory in
S. dulcamara, plants were grown under drought, soil flooding and wellwatered (control) regimes for five days before being subjected to herbivory
by S. exigua larvae or not. The watering conditions were retained during the
herbivory treatment.

Although no significant differences in leaf damage levels and insect
weight gain were found after 48 h of herbivory yet, the food conversion
efficiency of larvae feeding on drought-stressed plants was significantly
lower than that of the ones feeding on control plants (Fig. 2A). After six
days into the performance assay the larvae on drought-stressed plants
gained significantly less weight than the ones on flooded plants, but not
significantly less than those feeding on the controls (Fig. 2B). To verify
the effect of drought stress on insect growth, we combined the insect
performance results of this experiment with those from five additional
experiments with different feeding periods by S. exigua. Relative weight
gain per day was calculated for each experiment and analysed with a
univariate test in which each experiment was treated as a block. The
analysis indeed showed that drought stress on S. dulcamara consistently
reduced the growth of S. exigua larvae (F(1, 9.36) = 5.19, p = 0.048) (Fig.
2C). Furthermore, in triple-choice assays using undamaged cuttings, there
was a significant difference in larval distributions: the larvae preferred
the plants under flooding and control conditions to those under drought
(Friedman test, χ2(2) = 6.377, p = 0.041; Fig. 2D). Thus, based on the
above indicators, we can say that S. dulcamara plants are more resistant to
herbivory when subjected to drought, whereas flooding has no measurable
effect.

Effects of abiotic stresses and insect herbivory on hormone
accumulation
To understand the physiological basis of the observed differences in
resistance levels, we analysed the accumulation of stress-related hormones
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in the leaves. Our analyses of plants under the three water treatments
for periods of five to seven days without insect herbivory showed that
the water treatments had significant effects on hormone concentrations
(Table 1). Drought stress strongly induced the accumulation of ABA, SA,
JA, and JA-Ile compared to the control condition. Flooding also induced
ABA and SA accumulation, but less strongly than drought (pABA < 0.001;
pSA = 0.079). However, JA levels in flooded plants were not detectable,
whereas JA-Ile levels were not affected by flooding. In contrast to the above
hormones, ET emission from the leaves was not affected after five days
of water treatments and showed a diurnal pattern with reduced emission
rates during the scotophase (Fig. 3, emission levels during first 24h before
herbivory).
In combination with 24 and 48-h feeding treatments by S. exigua, the
analysis showed that herbivory also had significant main effects on the
accumulation of ABA, JA, and JA-Ile (all positive) and SA (negative) (p =
0.001, p < 0.001, p < 0.001, and p = 0.020, respectively). However, there
were no significant statistical interactions between the water and herbivory
treatments, meaning that the effects of abiotic and biotic stresses on
hormone levels were additive, rather than synergistic (Supplemental
Table S2). To illustrate the effects of combined stress conditions, the
data collected after 48-h herbivory are presented in Fig. 4 since the same
samples were used for transcriptomic profiling. Herbivory resulted in
significantly higher ABA concentrations in plants under abiotic stresses
(Fig. 4A) and markedly induced JA and JA-Ile accumulation regardless
of the watering regimes (Fig. 4C,D). In contrast, 48-h herbivory tended
to reduce SA accumulation regardless of the watering regime (Fig. 4B,
p = 0.072). These results indicated similar effects of drought and herbivory
on the accumulation of ABA, JA and JA-Ile, even though the JA/JA-Ile
induction by these stresses differed over several orders of magnitude.
Furthermore, herbivory by S. exigua significantly induced ET emission
within 24 h of feeding (mixed ANOVA F(1.15, 2.3) = 10.8, p = 0.005). This
effect was independent of the water treatments (Fig. 3, emission levels
after herbivory), also when corrected for the area damaged on each leaf.

Effects of single stress factors on transcriptional responses
To further investigate the effects of the stress factors, RNA sequencing
was performed on plants subjected to the three water treatments with or
without 48-h insect herbivory, with three biological replicates per treatment.
46

Drought and flooding distinctly affect plant defence

Table 1. Main effects of water treatments on hormone concentrations in Solanum dulcamara
plants. Plants were under drought, flooding, or control conditions for periods of 5, 6, or 7 days.
Concentrations were calculated as ng g-1 fresh weight (mean ± SEM, n = 9). F and p values were
from two-way ANOVAs on log10-transformed data. Different letters indicate significant difference
(LSD p < 0.05) among water treatments for each hormone. JA: jasmonic acid; n.d.: not detected.
Hormones

F

p

Control

Drought

Flooding

Abscisic acid

96.81

<0.001

245.4 ± 21.0 c

1119.3 ± 162.5 a

514.0 ± 27.6 b

Salicylic acid

5.83

0.011

718.1 ± 247.6 b

2034.7 ± 563.0 a

1139.8 ± 262.3 ab

Jasmonic acid

29.95

<0.001

0.4 ± 0.4 b

5.9 ± 1.3 a

n.d. b

JA-isoleucine

15.60

<0.001

0.2 ± 0.2 b

2.4 ± 0.8 a

0.1 ± 0.1 b

Figure 3. Effects of abiotic stresses and herbivory by Spodoptera exigua on ethylene (ET) emission
rates (mean ± SEM, nL h-1) from Solanum dulcamara leaves. Control plants: empty dots (n = 6),
drought-stressed plants: empty squares (n = 6), and flooded plants: filled dots (n = 5). The black
arrow indicates when herbivory treatment started by adding a larva to each cuvette. Shaded blocks
indicate dark periods.
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Figure 4. Effects of abiotic stresses and 48h-herbivory by Spodoptera exigua on hormone
accumulation in Solanum dulcamara leaves. Concentrations of (A) Abscisic acid (ABA), (B) Salicylic
acid (SA), (C) Jasmonic acid (JA) and (D) JA-isoleucine (JA-Ile) were presented as ng g-1 leaf fresh
weight (FW) (mean ± SEM, n = 3). JA and JA-Ile concentrations of undamaged plants are detailed in
the inserts. n.d.: not detected. Control plants: empty bars, drought-stressed plants: grey bars, and
flooded plants: black bars. Different letters indicate significant difference (LSD p < 0.05) among
water treatments within each herbivory treatment. Ɨ, p < 0.1; *, p < 0.05; **, p < 0.01; and ***,
p < 0.001 were from Student T-tests for significant effect of herbivory on plants under each water
treatment. All tests were performed on log10-transformed data.

On average, we obtained 19.17 million reads per sample. After stringent
mapping and normalization, an average of 7.35 million reads per sample
were uniquely mapped to 22,410 contigs (referred to as genes hereupon).
The analysis showed that hundreds of S. dulcamara genes were
significantly affected by the individual stresses (Fig. 5). Under drought
stress, similar numbers of genes were up- and downregulated (685
and 615 genes, respectively), whereas by flooding more genes were
downregulated (889) than upregulated (318). A considerable portion
(42.1%) of the flooding-mediated genes also responded to drought stress
despite the different nature of these stresses. In contrast, S. exigua
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Figure 5. Numbers
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herbivory caused many more upregulated (713) than downregulated genes
95 31% of the herbivore-upregulated genes were also
(152). Interestingly,
upregulated by drought, whereas only 6% were upregulated by flooding,
a majority of herbivory
which also
responded to drought. Similar trends were found
(152)
for downregulated genes. These results showed that the transcriptional
responses to drought and herbivory overlapped more than those triggered
by flooding and herbivory.
The differential gene expression results obtained by RNA sequencing
were validated by qPCR analysis on a set of genes significantly affected
by the stress treatments (Supplemental Fig. S1A). There was a highly
significant correlation between the relative expression levels determined
by RNA sequencing and qPCR (Pearson R = 0.898, p < 0.001; Spearman
R = 0.920, p < 0.001; Supplemental Fig. S1B), demonstrating the validity
of our RNA-sequencing analysis.

Molecular signature of plants under single stresses
To identify the physiological processes that were affected by the stress
factors, we annotated the S. dulcamara transcriptome with GO terms, EC
numbers and KEGG pathways (Supplemental Table S3). In total, 17,305
genes were annotated with 296,361 GO terms, averaging about 17 GO
terms per gene. A total of 3,747 genes were annotated with at least
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one of 974 EC numbers, involved in 141 KEGG pathways for primary or
secondary metabolism. The gene sets of the different biological process
(BP) GO terms were then used in GSEAs and hierarchical clustering
(Fig. 6). They included plant developmental processes, physiological
responses to abiotic stresses, defence responses to biotic stresses,
primary and secondary metabolism, and hormonal and other signalling
pathways.
The GSEAs (Supplemental Dataset S1) showed that a large part of the
BPs were induced by herbivory, whereas flooding repressed many BPs and
drought triggered a more balanced response (Fig. 6A). The hierarchical
clustering grouped the BPs into six clusters. Cluster II and V contained
processes that were similarly induced (II) or repressed (V) by all three
stresses. Cluster V contained approximately 10% of the BPs (Fig. 6A)
and showed that the abiotic stresses strongly suppressed many
photosynthesis-related processes, such as the light reaction (GO:0019684),
photosystem II assembly (GO:0010207), electron transport in photosystem
I (GO:0009773), and pigment biosynthesis, chlorophylls (GO:0015995),
carotenoids (GO:0016117), and anthocyanins (GO:0031540) (Fig. 7A,B).
Insect herbivory on the other hand significantly repressed only the
photosystem II assembly and electron transport (Fig. 7C). Moreover,
drought further affected photosynthesis by strongly inducing the process
of stomatal closure (GO:0090332, cluster II, Fig. 6A) and photoinhibition
(GO:0010205, cluster VI, Fig. 6A; Fig. 7B), whereas herbivory induced
stomatal closure to a lesser extent (Supplemental Dataset S1).
Cluster IV and VI contained processes that were regulated similarly by the
abiotic stresses but oppositely by herbivory (IV, down and up, respectively;
VI, up and down, respectively; Fig. 6A). Cluster IV (upregulated by herbivory
only) was the largest of all clusters, containing almost 50% of the analysed
BPs. It showed that drought, but especially flooding repressed a number
of responses induced by herbivory, including the ones related to cell wall
biosynthesis, carbohydrate (sugars and starch), lipid and amino acid
metabolisms as well as metabolism of several phenylpropanoids [flavonols
(GO:0051555), courmarin (GO:0009805), and lignin (GO:0009809)]
(Fig. 7A-C).
Cluster III contained a few processes that were induced by herbivory
and flooding but not by drought. Only one of these processes, regulation of
systemic acquired resistance (GO:0010112), was significantly affected by
the three stressors.
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Finally, the second largest cluster, cluster I, contained processes induced
by drought and herbivory but repressed by flooding. It included many
processes responsive to insect herbivory: JA biosynthesis (GO:0009695),
responses to wounding, herbivores, or insects (GO:0009611, 0080027,
and 0009625, respectively), defence response to insect (GO:0002213)
and its regulation (GO:2000068), respiratory burst (GO:0002679), and
the activity of the well-known class of defence protease inhibitors (negative
regulation of endopeptidase activity, GO:0010951). Moreover, this cluster
showed that drought also induced the biosynthetic genes of many secondary
metabolites involved in plant defence, such as terpenoids (GO:0019745
and 0016114, especially monoterpenoids, GO:0016099), alkaloids
(GO:0009821), flavonoids (GO:0009813, 0009963, and 0009718), and
another phenylpropanoid, suberin (GO:0010345). On the other hand,
herbivory significantly induced drought-related processes: responses
to water deprivation (GO:0009414 and 0042631) and desiccation
(GO:0009269), and drought recovery (GO:0009819). Interestingly, many
of these processes were significantly repressed by flooding, including
responses to desiccation (GO:0009269) and herbivore (GO:0080027),
defence response to insect (GO:0002213), the biosynthesis of JA, alkaloids,
and suberin (GO:0009695, 0009821, and 0010345, respectively), and
PI activity (GO:0010951). Thus, in addition to a number of stress-specific
responses, there is an eminent overlap in transcriptomic profiles of S.
dulcamara under drought stress and S. exigua herbivory, not only when
looking at absolute gene numbers but also when considering gene sets
representing stress-related processes.

Molecular signature of plants under combined stress conditions
To explore the effects of combined stresses on the regulation of these
BPs, four more GSEAs were performed. The effect of drought plus
herbivory was compared to that of the single stresses (i.e drought:BAW_
drought:no and drought:BAW_con:BAW) and the same was done for
flooding plus herbivory (i.e. flooded:BAW_flooded:no and flooded:BAW_
con:BAW) (Supplemental Dataset S1). Since cluster I clearly differentiated
the effects of drought and flooding on herbivore-induced responses, we
focused on the regulation of this cluster by the combined stress conditions
(Fig. 6B). Herbivory strongly induced most processes in cluster I regardless
of the water treatments, with only two exceptions: the generic GO term
for secondary metabolite biosynthesis (GO:0044550, Fig. 6B, last line
cluster I.1) that was significantly affected only by flooding alone, and the
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Figure 6. Hierarchical clustering of the enrichment of biological processes (BPs) in Solanum
dulcamara plants under individual and combined stress conditions. (A) Plants under individual
stresses: drought (drought:no_con:no), flooding (flooded:no_con:no) or

48h-herbivory by

Spodoptera exigua (BAW) (con:BAW_con:no). (B) Clustering of the enrichment of BPs in cluster I
in plants under combined stress conditions. The clustering was performed based on normalized
enrichment scores (NES) of the BPs generated by gene set enrichment analyses, and only BPs
with at least one significant enrichment (FDR q < 0.1) from all comparisons were included. Each
column is a pairwise comparison between two conditions separated by an underscore. Within
each condition, a colon separates water treatment [drought, flooding (flooded), or control (con)]
from insect treatment [with (BAW) or without herbivory (no)]. These comparisons show effects of
herbivory in plants under control (con:BAW_con:no), drought (drought:BAW_drought:no) or flooding
treatments (flooded:BAW_flooded:no), effects of drought, drought:no_con:no or drought:BAW_
con:BAW, or flooding, flooded:no_con:no or flooded:BAW_con:BAW, in the absence or presence of
herbivory, respectively. Colours indicate directions of enrichment: red for induction (positive NES)
and blue for repression (negative NES). The colour scale ranges from the lowest NES to the highest
NES within each clustering. Clusters are denoted with Roman numerals, which are followed by
Latin numerals denoting sub-clusters.

process of cutin transport (GO:0080051, Fig. 6B, first line cluster I.4)
that was (not significantly) repressed by herbivory on drought-stressed
plants. Compared to herbivory only, herbivory on drought-stressed plants
(drought:BAW_con:BAW, sixth column Fig. 6B) further induced almost
40% of the processes (Fig. 6B, sub-clusters I.2 and I.3), while about 60%
of herbivore-induced processes were induced less strongly than on control
plants (sub-clusters I.1 and I.4). Herbivory on flooded plants also further
induced processes in sub-cluster I.2 as well as in sub-cluster I.1 compared to
herbivory only (flooded:BAW_con:BAW). However, processes in sub-clusters
I.3 and I.4 were repressed in flooded plants compared to those in control
plants. Thus the herbivore-induced processes in cluster I.3, including the
regulation of defence response to insect (GO:2000068), monoterpenoid
biosynthesis (GO:0016099), ABA transport (GO:0080168), and PI activity
(GO:0010951), were differentially affected by the abiotic stresses: they
were induced stronger by herbivory on drought-stressed plants than on
control plants, but were repressed in flooded plants.
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(C)
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Figure 7. Networks describing biological processes (BPs) in Solanum dulcamara mediated by 48-h
herbivory by Spodoptera exigua (A), drought (B), and flooding (C). Nodes indicate BP gene sets,
node size indicates number of genes in a gene set, and node colour indicates if a BP is induced
(red) or repressed (blue) by the stresses. Edge size corresponds to number of genes that overlap
between two connected BPs. Related clusters and individual BPs are grouped and assigned with
labels. Only gene sets with nominal p value ≤ 0.001, FDR q value ≤ 0.05, and overlap coefficient
≤ 0.5 were included in the networks.
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Effects of combined stresses on protease inhibitors
Since the herbivore-induced changes of genes annotated with PI activity
(GO:0010951) was consistently induced by drought or repressed by
flooding, and because PIs are well known for their role in insect defence, we
studied the effects of water stresses and herbivory on PIs in more detail.
Other BP and molecular function (MF) GO terms related to PI activities were
collected and GSEAs on these gene sets confirmed the strong enhancing
effect of herbivory and drought, whereas flooding did not significantly affect
the expression of any of them (Fig. S2). When looking at the individual
PI genes that were significantly affected by single or combined stress
treatements (Table 2), most of them (11 out of 13) appeared to be induced
by herbivory. Interestingly, six of these were also significantly induced by
drought alone, whereas flooding had negative effects on five of them. An
additive effect of herbivory and drought was only found for one gene, and
similarly, flooding negatively affected the response to herbivory in one
case. The induction of three of these PI genes, together with several genes
annotated to be involved in lipid metabolism, cell wall synthesis and ABA
transport, were confirmed by qPCR analysis (Supplemental Fig. S1A).
To verify the putative changes in PI production indicated by gene
expression changes, we extracted total protein contents from the plants
under the three water treatments and 24 or 48 h of herbivory and
quantified their serine-type PI content (serPI) and cysteine-type PI activity
(cysPI). Since drought and flooding alone strongly reduced leaf protein
contents (Fig. S3), and PIs may affect the digestibility of proteins by insect
herbivores, serPI and cysPI were also calculated relative to the leaf total
protein contents as a proxy for net nutritive quality for insects. The analyses
showed that, indeed, drought treatment significantly increased serPI as
well as the ratios of serPI and cysPI to total protein content compared to
control and flooding treatments (Table 3). In contrast, flooding tended, if
anything, to reduce absolute serPI content compared to those in control
plants (LSD p = 0.069). Feeding for 24 h by S. exigua did not affect PI
contents (data not shown), whereas 48-h feeding significantly increased
serPI of only drought-stressed plants (t(4) = 2.89, p = 0.045, Fig. S4).
Furthermore, while the leaf total protein content was positively correlated
to the insect weight gain (Pearson R = 0.728, p = 0.026), serPI content
(R = -0.680, p = 0.044) and cysPI activity (R = -0.652, p = 0.057) were
negatively correlated to the insect weight gain. These results showed that
drought alone or in combination with herbivory by S. exigua increased PI
content whereas flooding repressed it. This is in line with the transcriptional
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response, and suggest PI as a candidate defence against S. exigua in S.
dulcamara plant under drought stress.

DISCUSSION
Plants rely on the interaction between multiple signalling cascades to
fine-tune their response to the natural environment containing multiple
abiotic and biotic stress factors. Since responses to drought and flooding
are mediated by different hormonal signalling pathways, they are expected
to have different impacts on plant responses to insect herbivores. As
postulated, drought increased various defence responses in S. dulcamara
before and after herbivory, whereas flooding repressed many of them.
Correspondingly, S. exigua larvae performed worse on drought-stressed
plants, which were also less preferred by the larvae. Phytohormone
analysis suggested that JA and ABA and their interactive action may be
involved in the increased resistance of drought-stressed plants.

Drought and flooding repress plant metabolism
Both abiotic stresses strongly affect the molecular physiological processes
of S. dulcamara. Flooding repressed the plant photosynthetic processes
and primary metabolism. Drought stress had similar repressing effects,
which were especially stronger on photosynthesis probably since it also
induced stomatal closure and photoinhibition. These responses agree with
the observation that drought stress, more so than flooding reduces plant
biomass and causes stunted growth in S. dulcamara (Visser et al. 2016;
Zhang et al. 2015b). Furthermore, we observed lower total protein content
in leaves of the stressed plants. These responses suggest that plants
under abiotic stresses have less nutritional value for insect herbivores.

Drought and insect herbivory synergistically enhance plant
defence responses
Our study, however, revealed that the two abiotic stresses have different
effects on S. dulcamara resistance to S. exigua and on the regulation of
plant defence responses to insect herbivory. On the one hand, this may
be due to the fact that several defensive traits are already induced by
drought but repressed or not affected by flooding prior to herbivory. This
means that herbivores feeding on drought-stressed plants do not benefit
from the usual lag time between the start of feeding and the actual
production of induced defences (Agrawal & Karban 1999). Moreover, part
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Table 2. Protease inhibitor (PI) genes of Solanum dulcamara significantly affected by single or
combined stress conditions. Values are fold changes (FCs) after pairwise comparisons between two
conditions separated by an underscore. Within each condition, a colon separates water treatment
[drought (D), flooding (F), or control (C)] from 48-h herbivory treatment by Spodoptera exigua [with
(BAW) or without herbivory (no)]. These comparisons show effects of herbivory in plants under control
(C:BAW_C:no), drought (D:BAW_D:no) or flooding treatments (F:BAW_F:no), effects of drought,
D:no_C:no or D:BAW_C:BAW, or flooding, F:no_C:no or F:BAW_C:BAW, in the absence or presence
of herbivory, respectively. inf or -inf indicates FC in which there was no recorded gene transcripts
in the second or first condition, respectively. Bold values are FCs that were statistically significant
(FC ≥ 2, FDR p < 0.05). Best hits to the tomato genome database ITAG 2.3 were obtained by BLAST
search and bold hits are tomato orthologs identified by D’Agostino et al. (2013). Annotated with
a

GO:0004867, bGO:0004866, cGO:0030414, dGO:0004869.
Gene ID
comp10_c0_seq1a

C:BAW
_C:no

D:BAW
_D:no

F:BAW
_F:no

D:no
_C:no

D:BAW
_C:BAW

5.3

2.3

15.9

5.4

2.4

F:no
F:BAW Best hit
_C:no _C:BAW to ITAG 2.3
-3.4

-1.1

Solyc11g020990.1.1

18.8

4.4

30.0

8.0

1.8

1.3

2.1

Solyc03g098760.1.1

comp4199_c0_seq1b

99.6

9.3

inf

8.2

-1.3

-inf

-1.1

Solyc03g098700.1.1

comp673_c0_seq1b

24.8

4.4

165.9

7.4

1.3

-4.8

1.4

Solyc11g022590.1.1

comp1295_c0_seq1b

2.3

1.3

2.4

2.4

1.4

-1.1

1.0

Solyc07g007240.2.1

comp255_c0_seq1b

2.8

2.0

5.5

-1.2

-1.7

-6.5

-3.3

Solyc03g098720.2.1

comp11494_c0_seq1

b

2.6

3.0

12.7

1.5

1.7

-4.3

1.2

Solyc11g022590.1.1

comp458_c0_seq1b

5.1

3.1

23.3

2.2

1.4
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comp460_c0_seq1a

11.8

6.9

49.9

1.5

-1.1
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-1.3

Solyc09g089510.2.1
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3.8

1.7

6.0

1.8

-1.2

-2.1

-1.4
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comp978_c0_seq1b

2.6

1.7

2.4

1.3

-1.2

-1.2

-1.3

Solyc06g072230.1.1

comp14010_c0_seq1c

1.4

1.1

2.1

1.1

-1.1

-1.8

-1.2

Solyc02g069470.2.1

comp1799_c0_seq1d

1.8

1.2

1.6

2.1

1.3

1.0

-1.1

Solyc09g097850.1.1

comp1119_c0_seq1

b

Table 3. Main effects of water treatments on protease inhibitor (PI) contents in Solanum dulcamara
plants. Plants were under control, drought or flooding treatments with or without 24-h or 48-h
herbivory by Spodoptera exigua. Serine-type PI content (serPI) and cysteine-type PI activity (cysPI)
were calculated over leaf fresh weight (FW) (µg g-1 FW and %inhibition g-1 FW, respectively) or
relatively to leaf total protein content [relative serPI (µg mg-1 protein) and relative cysPI (%inhibition
µg-1 protein), respectively]. Values are means ± SEM (n = 12). F and p values were from three-way
ANOVAs. Different letters indicate significant difference (LSD p < 0.05) among water treatments
for each measurement.
F

p

Control

Drought

Flooding

SerPI

15.0

<0.001

185.3 ± 16.1 b

287.3 ± 25.3 a

129.6 ± 18.5 b

CysPI

2.2

0.131

22.1 ± 0.9 a

24.0 ± 1.1 a

21.9 ± 0.2 a

Relative serPI

28.3

<0.001

14.2 ± 1.7 b

31.1 ± 3.5 a

12.7 ± 1.9 b

Relative cysPI

4.7

0.019

1.7 ± 0.1 b

2.7 ± 0.3 a

2.4 ± 0.3 ab
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of the herbivore-induced responses reached higher levels when plants
were under drought stress. Monoterpenoid biosynthesis and PI activity
are good examples of this. The increased production of PIs, which inhibit
digestive enzymes in insect guts, may intensify the potential effect of the
low leaf nutritional value in these plants, resulting in reduced S. exigua
larval growth (van Dam et al. 2001). Additionally, the biosynthesis of
defensive secondary metabolites that are also increased by drought, such
as alkaloids and terpenoids, may enhance the effect of increased PI levels
(Steppuhn & Baldwin 2007). It is likely that, together, the pre-formed
and stronger induced defence responses are responsible for the higher
herbivore resistance of drought-stressed plants. Meanwhile, on flooded
plants, S. exigua larvae may be able to annihilate the effect of the lower
protein contents by compensatory feeding, made possible by the lower PI
levels and potentially reduced levels of secondary defensive metabolites.
So why does herbivory enhance the transcription of genes involved
in herbivore defences such as PIs and terpenoids to a higher levels in
drought-stressed plants? The reason could be that in addition to their wellknown function as defences against insects (Hartl et al. 2010; Bode et al.
2013, Kappers et al. 2005), PIs and terpenoids also play a crucial role in
controlling other aspects of plant physiology. For example, the proteolysis in
young leaf tissues triggered by abiotic stresses, especially drought, depends
on PI activity (Solomon et al. 1999; Mosolov & Valueva 2011; Kidrič et al.
2014). Several serine PIs in rapeseed (Brassica napus), rice, and potato
and cysteine PIs in Arabidopsis are drought-inducible (Ilami et al. 1997;
Kang et al. 2002; Huang et al. 2007; Zhang et al. 2008). The increased PI
activities result in a delayed leaf senescence and thus stronger tolerance
to drought stress (Huang et al. 2007; Zhang et al. 2008; Dramé et al.
2013; Díaz-Mendoza et al. 2014). Similarly, secondary metabolites such
as terpenoids, which are involved in direct and indirect defences against
insect herbivores (Kappers et al. 2005; Keeling & Bohlmann 2006), also
play a role in response to drought stress. Emission of volatile terpenoids
is regulated by stomatal aperture, and therefore drought-induced stomatal
closure limits their emission and increases in planta accumulation of
non-volatile terpenes and terpenoids (Seidl-Adams et al. 2015). This is
suggested to help stabilize plant photosynthetic membranes responding
to dehydration (Moellering et al. 2010; Tattini et al. 2014). Therefore, the
stronger induction of these responses with dual functions in plants under
drought, or a combination of drought and herbivory, not only could serve
to increase plant resistance to insects but also might help protect cellular
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organelles from the adverse impact of the abiotic stress. This might be
a way for the plant to efficiently use its limited resource under combined
stress conditions.

2

ABA and JA interact to regulate responses to drought and
herbivory
JA, the key regulator of herbivore-induced plant defences, was found
to accumulate in S. dulcamara under drought stress, which were also
reported in other species (Mahouachi et al. 2007; Arbona et al. 2010;
de Ollas et al. 2015). Due to the positive feedback of JA signalling on its
synthesis (Wasternack & Hause 2013), the drought-induced JA might be
responsible for the enhancing herbivore-induced defence responses and
resistance in drought-stressed plants. However, the drought-induced JA
was at a very low level, only about 1% of those found after herbivory, and
thus unlikely to be solely responsible for the full spectrum of defencerelated gene expression in drought-stressed plants. We therefore suggest
that the interactive effects of drought on herbivore-induced responses
involves the accumulation of ABA as well, also because S. exigua herbivory
further enhanced ABA accumulation in drought-stressed plants. This
agrees with the role of ABA in coordinating JA biosynthesis and enhancing
JA-dependent defence responses, such as PIs, and insect resistance in
other plant species (Peña-Cortés et al. 1989, 1991; Lorenzo et al. 2004;
Adie et al. 2007; Bodenhausen & Reymond 2007; Dinh et al. 2013; Vos
et al. 2013b). On the other hand, the interaction between ABA and JA
signalling has been shown to regulate plant growth under normal and
drought conditions in the absence of herbivores (Harb et al. 2010;
Lackman et al. 2011). Therefore, the coregulation of responses like PIs,
which have a dual role in defence and resource remobilization, supports
the proposed function of JA-ABA interaction in balancing growth-defence
trade-offs (Lackman et al. 2011).
Interestingly, the gene set annotated as involved in ABA biosynthesis
was not significantly upregulated by herbivory on drought-stressed plants.
In contrast, the gene set annotated to be involved in ABA transport,
including two drought-upregulated ATP-binding cassette (ABC) transporter
genes, was herbivore-responsive (cluster I.3, Fig. 6B). It has been
reported in other species that ABA in guard cells, which induces stomatal
closure and reduces water loss, is transported via xylem and membrane
transporters, including ABC transporters, from synthesizing cells in roots
and leaf vascular tissues during drought (Goodger & Schachtman 2010;
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Kang et al. 2010; Seo & Koshiba 2011; Kuromori et al. 2011; Jarzyniak
& Jasiński 2014). We therefore speculate that the herbivory-induced ABA
accumulation depends on translocation of this hormone from undamaged
tissues, which is stimulated by wounding-induced transpiration (Aldea et
al. 2005; Consales et al. 2011). This might also be responsible for the
drought responses that were induced by S. exigua herbivory. Whether
insect herbivory also makes S. dulcamara plant more drought tolerant,
however, is yet to be assessed.

Flooding suppresses herbivore-induced response despite ABA
induction
A large part of the herbivore-induced responses in S. dulcamara
were suppressed by flooding regardless of the flooding-induced ABA
accumulation. The reason may be the lack of detectable JA levels in
flooded plants. In fact, flooding downregulated the JA biosynthesis gene
set, possibly due to the increased SA levels in flooded plants. The mutual
antagonism between JA and SA signalling in regulating plant defence
against insects and pathogens is well described (Thaler et al. 2012) and
is supported by the decreased SA levels in insect-damaged S. dulcamara
plants with increased JA levels. These results suggest that when the
primary JA signalling is absent, the ABA signalling may function as the
shoot growth inhibitor (Ye et al. 2012; Meguro & Sato 2014), but does not
contribute to the induction of defence responses.
The lack of any measurable effect of flooding on ET evolution from
the leaves that were later subjected to herbivory suggests that ET is not
directly involved in the flooding suppression of the herbivore-induced
responses. However, the negative effect of ET on plant defence response,
which has been described before (Harfouche et al. 2006; Bodenhausen
& Reymond 2007), might be indirect in S. dulcamara. Increased ET levels
in stem tissues close to the water surface are detectable and needed
for the emergence of adventitious roots from flooded S. dulcamara
(Dawood et al. 2016). In contrast to the abiotic stresses, insect herbivory
strongly increased ET emission regardless of the abiotic treatments that
the plants were under. This is likely to occur via open wounds since the
feeding abolished the diurnal pattern of ET emission. The concurrence of
herbivore-induced ET and JA accumulation may cause interactive effects
in regulating plant defences (Wu & Baldwin 2010). Such effects, however,
cannot explain the differences between herbivore-mediated responses in
drought-stressed and flooded plants.
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In conclusion, our study provides new insights in how abiotic stresses can
distinctively affect the plant defence responses and resistance to insect
herbivores. Drought induces the transcription of many herbivore-induced
responses whereas flooding represses them, which may be explained
by the interaction between plant hormones, especially ABA and JA. It is
conceivable that, as plant growth is severely inhibited by drought (Visser
et al. 2015), their leaf tissue has an increased value and thus needs to
be better protected against herbivory (Iwasa et al. 1996). Soil flooding,
on the other hand, hardly affects the growth of S. dulcamara in the longer
term when the plant adapts to the stress with newly formed adventitious
root system (Visser et al. 2016; Zhang et al. 2015b). Thus, additional
investment in defending leaf tissue may not be required when plants are
under flooding. This knowledge helps us to better understand how stress
responses interact, allowing plants to adapt to their unpredictable natural
environments.
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Figure S2. Effects of combined stress conditions on the enrichment of gene sets related to
protease inhibitor activity in Solanum dulcamara plants. Each column is a pairwise comparison
between two conditions separated by an underscore. Within each condition, a colon separates
water treatment [drought, flooding (flooded), or control (con)] from insect treatment by Spodoptera
exigua (BAW) [with (BAW) or without herbivory (no)]. These comparisons show effects of herbivory in
plants under control (con:BAW_con:no), drought (drought:BAW_drought:no) or flooding treatments
(flooded:BAW_flooded:no), effects of drought, drought:no_con:no or drought:BAW_con:BAW, or
flooding, flooded:no_con:no or flooded:BAW_con:BAW, in the absence or presence of herbivory,
respectively. Colours indicate directions of the enrichments: red for induction [positive normalized
enrichment score (NES)] and blue for repression (negative NES). Borders indicate gene sets with
FDR q < 0.1. NES and FDR q values were generated by gene set enrichment analyses.
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Figure S3. Effects of abiotic stresses on leaf total protein content in Solanum dulcamara plants.
Values are means ± SEM (n = 9). Plants were under drought, flooding, or control conditions for
periods of 5, 6, or 7 days. Different letters indicate significant difference (LSD p < 0.05) among
water treatments after a Univariate test with the stress period as random factor, F(2, 4) = 13.76,
p = 0.016. FW: fresh weight.
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Figure S4. Effects of abiotic stresses and 48-h herbivory by Spodoptera exigua on protease inhibitor
(PI) levels in Solanum dulcamara plants (mean ± SEM, n = 3). (A) Serine-type PI content (serPI). (B)
SerPI to leaf total protein content ratio (relative serPI). (C) Cysteine-type PI activity (cysPI). (D) CysPI
to leaf total protein content ratio (relative cysPI). Plants under drought, flooding or control condition
were subject to 48-h herbivory (grey bars) or not (empty bars). Different small letters indicate
significant difference (LSD p < 0.05) among water treatments within each herbivory treatment.
Different capital letters indicate significant main effect of water treatments. Student T-tests were
used to test significant effect of herbivory on PIs in plants under each water treatment: Ɨ, p < 0.1;
*, p < 0.05. FW, fresh weight.
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Table S1. Primer sequences used for qPCR validation.
Gene name

Primer name

Sequence (5’-3’)

comp14877F
comp14877R
comp15667F
comp15667R
comp2729F
comp2729R
comp19495F
comp19495R
comp673F
comp673R
comp15665F
comp15665R
comp14519F
comp14519R
comp5067F
comp5067R
comp803F
comp803R
PIN_16469F
PIN_16469R
PIN_20346F
PIN_20346R
comp2015F
comp2015R
LAP_03563F
LAP_03563R

CTGGCGCGTACCTCTTCTTCTG
TTGGGCATGAAAGTTCCAACGT
TGCAGGTGTTTGGAGAATCGCC
CCTTGAGACTAGCACGGACAGC
TGAATTGACCGTCTTTCCAGCCA
AGTCCTCAACAGCCACTCCTCT
GTTTGGAACGGAACTGGAGGGT
GCGGTTAAAGAGGCAGGAGGG
CAGGTGCAAAGTCGGGAAATCC
CCACTTTGTAATTGGACGATGCCA
AGGGACACGGAATATGAGCTGG
GGGTTTCCAGTGGGCATCTAG
CATGTTCACGTGGGCCCTGATA
ATGTCTCTCCTCCAGCCTGCTC
GACAAGTCAGCCATGCAACGTT
TGTCACCTGGTATAATTGTGGTCC
CAAGTGCAACGGGTGATGAGAT
TCCCAAGTAAATCCGATACCCAA
CGGCTATTCCTTTCGGACCA
CATCGTAACCTCCGACTTTCCA
AGCGCTGATGGAACTTTCATTT
CATCAATGGAATCATCATTGTGC
CTGTGACGACTGCTTGAACCAC
AGCTCACGGGTACTTGATCGAC
TTGGACTGGGAGCTGGACCTGA
GCGTAAGTACATTGGCCGGTGC

EF1a_48212F
EF1a_48212R
GAPDH_13565F
GAPDH_13565R
CAC_00903F
CAC_00903R

TGGTACCTCCCAGGCTGACTGTG
GCAACGCATGTTCACGGGTCT
ATTGGTGGCTCGGGTTGCTCTC
ATGATGCTTCCACTGGCCGTGT
GGTAGTGTGCTCCGTTGCGATG
GCGGGATTTAAGCTGCGACTCT

Target genes
comp14877_c0_seq1
comp15667_c0_seq1
comp2729_c0_seq1
comp19495_c0_seq1
comp673_c0_seq1
comp15665_c0_seq1
comp14519_c0_seq1
comp5067_c0_seq1
comp803_c0_seq1
comp11494_c0_seq1
comp10_c0_seq1
comp2015_c0_seq1
comp549_c0_seq1
Reference genes
comp28_c0_seq4
comp141_c0_seq1
comp3969_c0_seq2
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Table S2. Effects and interactions of combined stress conditions on hormone concentrations in
Solanum dulcamara plants. F and p values were from three-way ANOVAs on data from plants under
three water treatments (drought, flooding, and control) and in the presence or absence of 24-h or
48-h herbivory by Spodoptera exigua. Bold numbers indicate significance (p < 0.05). The analyses
were performed on log10-transformed data. n = 3 per stress combination.
Abscisic acid

Salicylic acid

F

F

p

F

p

Jasmonic acid (JA)
p

JA-isoleucine
F

p

Water treatments (W)

51.05

<0.001

8.09

0.002

12.25

<0.001

10.67

<0.001

Herbivory (H)

13.00

0.001

6.24

0.020

664.98

<0.001

262.72

<0.001

Treatment period (P)

1.02

0.323

4.46

0.045

2.07

0.163

1.13

0.299

Interaction WxH

1.40

0.265

0.12

0.884

0.98

0.389

0.63

0.539

Interaction WxP

4.57

0.021

1.11

0.347

3.94

0.033

4.04

0.031

Interaction HxP

1.04

0.319

0.04

0.841

6.88

0.015

3.78

0.064

Interaction WxHxP

0.28

0.762

0.73

0.494

0.81

0.457

0.54

0.591

Table S3. Annotation of gene ontology (GO), enzyme code (EC) and KEGG pathways for Solanum
dulcamara transcriptome.
Whole transcriptome (32,157 contigs)

Reference set (24,158 contigs)

GO-annotated contigs

23,533

17,305

Total number of GO terms

410,653

296,361

- Cellular component terms

1,047

1,028

- Molecular function terms

2,936

2,884

- Biological process terms

5,935

5,815

Average GO terms per contig

17.5

17.1

Contigs with EC(s)

5,181

3,747

Total number of ECs

986

974

Contigs mapped in KEGG pathway(s)

5,181

3,747

Total number of KEGG pathways

141

141

Supplemental Dataset S1. Full clustering of the GSEAs BPs in plants under individual and
combined stress conditions.
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ABSTRACT
Plant defences against herbivores often show high levels of variation
among natural populations, which is partly due to abiotic factors in
their environment. Consistent selection pressure from different abiotic
stresses in local environment may result in plants with differential defence
responses to herbivores. To test this hypothesis, we used Solanum
dulcamara plants originating from dry and wet habitats at nine locations
along the coast of The Netherlands and measured their levels of serinetype protease inhibitors (serPI) and polyphenol oxidases (PPO) under
well-watered, drought or flooding conditions. We found that populations
from dry habitats had higher serPI and PPO levels than the ones from
wet habitats. The differences, however, were mostly observed when plants
were under stress conditions, especially when the stress was typical to
the habitat of origin. This indicates a differentiation in defence-related
responses in S. dulcamara plants when they originate from contrasting
habitats. Therefore, long-term abiotic selection pressures may result in
the evolution of ecotypes with different defence strategies, which may
differentially affect the plant performance in natural environment.
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INTRODUCTION
Plant resistance to herbivores, such as insects or gastropods, often
involves diverse strategies, including constitutive defences that are
always produced in the plant and induced defences that are enhanced
upon herbivory. In addition to plant secondary metabolites that may be
toxic to herbivores, such as alkaloids and glucosinolates (GS), plants also
accumulate anti-digestive and anti-nutritive proteins, such as protease
inhibitors (PI) and polyphenol oxidases (PPO) (Wittstock and Gershenzon
2002; Howe and Schaller 2008). While PIs can directly bind to and
inhibit insect protease activity, thereby reducing their ability to digest
plant material, PPO oxidizes diverse compounds containing phenolic
rings into corresponding quinones which can decrease plant nutritional
quality or have a toxic effect (Constabel and Barbehenn 2008; Jongsma
and Beekwilder 2008). High levels of these defence compounds make the
plant less palatable, reduce growth rate as well as increase the mortality of
insects (Howe and Schaller 2008). The production of plant defensive traits
is phylogenetically conserved within specific families or genera (Agrawal
2007). However, within-species variation, such as different GS levels
among Arabidopsis thaliana or Brassica oleracea populations, have been
observed as well, supposedly due to selection pressure exerted by the
local insect community in their natural environments. Such intraspecific
variation distinctively affects plant resistance to different insect species
(Lankau 2007; Arany et al. 2008; Gols et al. 2008).
Moreover, plant defences, and consequently resistance to herbivorous
insects, can be affected by abiotic stresses. Drought has been shown
to reduce GS contents of B. oleracea plants as well as Alliaria petiolata
populations collected from different habitats (Khan et al. 2010; Gutbrodt
et al. 2011). In contrast, drought increases PI gene expression in
Arabidopsis thaliana and potato plants (Solanum tuberosum) and PPO
levels in Ramonda serbica and tomato plants (S. lycopersicum) (EnglishLoeb et al. 1997; Sang-gu et al. 2002; Veljovic-Jovanovic et al. 2008; Zhang
et al. 2008). Similarly, soil flooding also differently affect defence levels in
various species. It reduces tannic acid concentrations in Lythrum salicaria
plants but increases GS contents of B. oleracea plants (Dávalos and
Blossey, 2010; Khan et al. 2010). Both PI and PPO have been suggested
to function in protecting plant photosynthetic machinery, indicating the
necessity to regulate their activities when plants are under abiotic stress
(Kidrič et al. 2014; Boeckx et al. 2015). However, the increased production
73

3

of PI is correlated with a plant fitness cost in terms of seed production in
Nicotiana attenuata (Glawe et al. 2003). The environmental conditions
under which plant defence strategies are expressed thus may generate
differences among plant populations in the expression and evolution of
defensive traits (Fornoni et al. 2004). Furthermore, consistent drought and
flooding have resulted in morphological and physiological modifications
which enable plants to cope with these specific stresses and eventually
lead to the evolution of adapted ecotypes or species (Heschel and Riginos
2005; Chen et al. 2011; Visser et al. 2016). These adaptations to abiotic
stresses may also indirectly shape plant defensive traits against insect
herbivores. For example in Asclepias species, high trichome density, which
forms a constitutive physical defence against insects, is suggested to be
evolved in dry habitats due to its positive influence on plant water balance
and photosynthetic physiology (Agrawal et al. 2009).
To study the effects of abiotic stresses on the production of plant
chemical defences against herbivorous insects, we used Solanum
dulcamara. This is a Eurasia native plant species that occurs in a wide
range of habitats, from very wet lake sides to dry sandy dunes (Golas
et al. 2010). It is the host of a rich herbivore community and possesses
various (inducible) defences, such as alkaloids, PPO and PI (Calf and van
Dam 2012; Viswanathan & Thaler 2004; Chapter 2). In Europe, different
chemotypes of S. dulcamara were described which vary in the types and
concentration of alkaloids as well as in the level of trichome densities
(Máthé and Máthé 1979). So far, it has not been tested whether this
variation is correlated with differences in abiotic conditions or insect
herbivore pressure in discrete populations. Our own studies using
S. dulcamara plants from a single population in Goeree (the Netherlands)
have shown that flooding and drought differentially affect the induction
of PI response at gene as well as protein activity levels (Chapter 2).
Therefore, we hypothesized that consistent pressure of abiotic factors
differing between habitats of S. dulcamara populations might lead to the
selection of genotypes that express different levels of chemical defences.
In addition, defence levels in plants originating from wet and dry habitats
might respond differentially to drought stress and soil flooding. To test
this hypothesis, we used S. dulcamara plants originating from dry and
wet habitats at nine locations along the coast of The Netherlands. Plants
were subjected to three different watering regimes: well-watered, drought
and flooding. PI and PPO levels and total protein content were analysed as
indicators for plant defence and quality for insect herbivores, respectively.
74

Effects of habitat and water regime on defence

We expected differences in PI and PPO levels among populations from
different locations and geographical areas along the coast. Moreover,
based on our previous results (chapter 2), we expected populations from
dry habitats to have higher constitutive PI and PPO levels than those from
wet habitats. In addition, we postulated that these differences between
plants from dry and wet populations might even increase under drought
stress or flooding, due to adaptation to their local environmental conditions.

MATERIALS AND METHODS
Plant populations

Seeds of S. dulcamara plants were collected from nine locations along the
coast of The Netherlands in 2012 and 2013 (Fig. 1). The locations of the
populations were grouped into three geographical areas, each containing
three locations: northern (Schiermonnikoog, Ameland and Texel), central
(Callantsoog, Castricum and Zandvoort) and southern regions (Meijendel,
Voorne and Goeree). At each location, we collected seeds in two
populations, one from a dry sand dune habitat (called “dry population”)
and the other from a wet habitat of freshwater dune lake border (called
“wet population”). Population coordinates and the distances between the
dry and wet habitat in each location were provided in Table 1. Seeds were
washed with water, dried at room temperature for three days and stored at
4ºC in the dark until they were used for experiments.
Ameland

Schiermonnikoog Figure 1. Map of locations where Solanum
dulcamara seeds were collected. At each

Texel
Callantsoog
Castricum

dry habitat

location, two populations were sampled,
one in a dry and one in a wet habitat.

wet habitat

Habitat examples are shown for Texel.

Zandvoort
Meijendel
Voorne
Goeree
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Plant growth
Seeds were surface sterilized with 15% (w:v) tri-sodium phosphate
solution for 20 minutes and then rinsed thoroughly with tap water. After
sterilization, seeds were sown in trays filled with moist compost (Lentse
Potgrond, Horticoop, Katwijk, The Netherlands), covered by plastic and
kept at 4oC in a dark chamber for three weeks. Thereafter, seed trays
were transferred to greenhouse condition for germination for three weeks.
Temperature and humidity were at 17.5 ± 0.3oC (mean ± SD) and 65.5
± 5.2% (mean ± SD), respectively, during the day, and 15.6 ± 0.1oC
(mean ± SD) and 65.1 ± 5.1% (mean ± SD), respectively, during the night.
Greenhouse light was kept at a 16-h photoperiod and supplemented
with sodium lamps (600 W, Philips, Amsterdam, The Netherlands) when
natural light fell below 250 µmol m-2 s -1. Homogeneously grown seedlings
were transplanted into individual 1.35-L pots containing nutrient-poor
substrate (7:3 ratio (v:v) of sand and clay) supplemented with 4 g L-1 slow
release fertilizer (Osmocote® Exact Standard, Everris International B.V.,
Geldermalsen, The Netherlands). Each plant received 60 ml of nutrient
solution (2 g L-1 Kristallon in tapwater, Yara International ASA, Vlaardingen,
The Netherlands) one week after transplanting to avoid nutrient limitation
at the onset of the experiment. Plants were regularly watered for five weeks
before the onset of watering treatments.

Watering treatments
For each of the eighteen populations, fifteen plants were equally
and randomly assigned to control (well-watered), flooding or drought
treatments. To apply the flooding treatment, one plant from each of the
eighteen populations were randomly placed in a square container (L x W
x H, 98 x 98 x 28 cm) and flooded to 10 cm above soil surface. Individual
well-watered and drought-treated plants were placed on separate watering
plates. The soil moisture levels of control and drought-treated plants were
measured with a theta probe (HH2, Delta-T Devices LTD, Cambridge, UK)
and kept at 25% and 12% (v/v), respectively, by resupplying the soil water
loss every 1-2 days. Wilting occurred in this system when soil moisture was
below 10% (Qian Zhang, personal observation). The treatments lasted for
21 days, after which the plants were randomly harvested within 4 hours (2
till 6 pm). A young fully expanded leaf that had been developing during the
course of the treatments was cut and flash-frozen in liquid nitrogen and
kept at -80ºC until analysed. The whole experiment was performed in the
period from December 2013 till February 2014.
76

Effects of habitat and water regime on defence

Table 1. Coordinates of Solanum dulcamara populations and distances between dry and wet
habitats for each location.
Region

Location
Schiermonnikoog

northern

Ameland
Texel
Callantsoog

central

Castricum
Zandvoort
Meijendel

southern

Voorne
Goeree

Coordinates
(latitude/longitude)

Accession number

Habitat

B34750170

dry

53.48826

6.14317

B34750175

wet

53.47158

6.15260

B34750160

dry

53.45827

5.71779

B34750165

wet

53.45321

5.70871

B34750130

dry

53.12803

4.78929

B34750135

wet

53.12154

4.78712

B34750140

dry

52.83534

4.69059

B34750155

wet

52.82064

4.69887

B34750150

dry

52.55656

4.60722

B34750145

wet

52.54577

4.62018

B34750110

dry

52.35202

4.51231

B34750115

wet

52.36716

4.53397

B34750125

dry

52.13938

4.32112

B34750120

wet

52.13497

4.32857

B24750020

dry

51.87268

4.04747

B24750025

wet

51.84962

4.07619

B24750010

dry

51.82329

3.88866

B34750180

wet

51.78167

3.87925

Distance (km)
2.0

3

0.8
0.7
1.7
1.5
2.2
0.7
3.2
4.7

Total protein extraction and PI and PPO analyses
Total protein extraction was adapted from Thaler et al. (1996). The frozen
leaf samples were ground in Eppendorf tubes. Buffer for protein extraction,
0.1 M potassium phosphate buffer (KPO4, pH 7.3) containing 5% (w/v)
PPVP and 0.83% Triton X-100, was added with a ratio of 4:1 (mL per mg
leaf material). The mixture was shaken in a TissueLyser LT (Qiagen, Venlo,
The Netherlands) at max speed for 1 min. The mixture was then centrifuged
at 14,000 rpm for 10 min at 4ºC and the supernatant was transferred
into new tubes and stored at -20ºC. Total protein content (µg mg-1 fresh
weight (FW); n = 4 per population per treatment) was quantified using
Bradford assays (Bradford 1976) and enzyme activity assays for serinetype PI (serPI, µg g-1 FW, n = 5 per population per treatment) were adapted
from Bode et al. (2013), as described Chapter 2. PPO activity assays were
adapted from Thaler et al. (1996) using 2.92 mM caffeic acid in 0.1 M
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KPO4 buffer (pH 8.0) as substrate. In brief, 200 µL substrate was added
to 15 µL protein extract and absorbance at 435 nm was measured at 15
time points in the course of 10 min. The slope of the linear phase was
used to calculate PPO activity (ΔOD435 min-1), which was divided by the
leaf mass used for protein extraction (PPO act. g-1 FW; n = 4 per population
per treatment). All assays were performed at room temperature and three
technical replicates were taken for each sample. Bradford and PPO activity
assays were performed in an Infinite® 200 PRO plate reader (Tecan,
Männedorf, Switzerland), whereas serPI activity assays were performed in
a Wallac Victor 1420 (Perkin Elmer, Waltham, MA, US).

Data analysis
A linear mixed model (type III sum of squares) was used to test the effects
of region, location(region), habitat and treatment and their interactions.
All serPI, PPO and total protein data were log-natural-transformed
beforehand to meet assumptions of normality and homoscedasticity
of variances. Analyses for the effects of location or habitat under each
watering treatment and the effects of treatment for populations from each
habitat type were also included in the model. Per location, additional twoway ANOVAs were performed with habitat and treatment as fixed factors,
followed by Tukey post-hoc tests per habitat type for treatment effects and
T-tests per watering treatment for habitat effects. All the analyses were
performed in SPSS v. 21 (IBM, New York, USA).

RESULTS

Variations in levels of serPI, PPO and total protein among
populations
There were significant differences in the levels of PPO and total protein
among populations originating from different locations (Table 2). Under
the control condition, however, only the difference in the constitutive PPO
levels was statistically significant (Fig. 2A). Significant differences in PPO
levels were also found among regions; plants from the southern region
had lower PPO levels than those from the northern and central regions.
This difference was mostly due to the populations from Goeree which had
significantly lower PPO levels than the others (Fig. 2A, Supplemental Table
S1). There was also a marginally significant difference in serPI levels among
locations, which could be attributed to the significant variation in serPI
levels of flooded plants (Fig. 2A). No significant interactions were found
between location or region and treatment on serPI and PPO responses and
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Table 2. Results of the linear mixed model analysis for the effects of region, location (nested
in region), habitat and abiotic treatments on levels of serine-type protease inhibitors (serPI),
polyphenol oxidases (PPO) and total protein of Solanum dulcamara leaves. Degree of freedom
(df), F values and their significance (bold numbers) are presented: +, p < 0.1; *, p < 0.05; **,
p < 0.01; ***, p < 0.001.

Source
region

df
2

SerPI

PPO

Protein

F

F

F

0.313
+

5.731 **

0.342

6.948 ***

3.583 **

location(region)

6

2.017

habitat

1

2.786 +

5.309 *

0.030

treatment

2

0.667

0.575

3.768 *

region * habitat

2

1.319

4.809 **

5.108 **

region * treatment

4

0.649

0.454

1.406

6

1.159

3.895 **

1.090

12

1.197

0.640

0.410

habitat * treatment

2

1.434

3.559 *

0.193

region * habitat * treatment

4

1.004

1.103

0.533

12

0.530

1.529

0.582

habitat * location(region)
treatment * location(region)

habitat * treatment * location(region)

3

protein contents. However, the interaction between location and habitat
on PPO levels was significant (Table 2), indicating that the effect of habitat
type on PPO levels differed among locations.

Habitats of origin differentially affect serPI and PPO responses
to drought and flooding
Habitat had significant effect on PPO and a marginally significant effect
on serPI, in which dry populations overall had higher PPO and serPI levels
than wet populations (Table 2, Fig. 2B). Habitat of origin, however, did
not affect protein contents. On the other hand, abiotic stress treatments
overall significantly affected total protein contents only (p = 0.025;
Fig. 2B). The leaf protein contents of drought-treated plants were
significantly higher than those of flooded and well-watered plants,
regardless of the population or habitat of origin.
Notably, there was a significant interaction between habitat and
treatment on PPO levels. The habitat effect on PPO levels interestingly
occurred only when plants were under stress (Fig. 2A). Although the
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stress conditions did not significantly affect PPO levels by themselves,
drought and flooding tended to increase PPO levels of the plants from dry
populations but reduce those from wet populations (Fig. 2B). This resulted
in significantly higher PPO levels in plants form dry populations compared to
those from wet populations when plants were subjected to drought stress
(p = 0.006) and a similar marginally significant difference (p = 0.061)
under flooding. Similar patterns were found for serPI levels, resulting in
marginally significantly higher serPI of dry populations compared to the
wet populations when under flooding (p = 0.056). However, flooding less
strongly affected PPO and serPI levels of dry populations than drought,
and drought did not change serPI levels of wet populations. This indicates
that PPO and serPI production of plants from dry and wet habitats diverged
more when they were under the abiotic stress that was similar to their
habitat of origin. At the level of individual locations, the habitat x treatment
interaction on PPO and serPI responses were best illustrated by those of
Schiermonnikoog and Goeree populations, respectively. The PPO levels of
plants from the wet population from Schiermonnikoog was mainly reduced
by flooding (Tukey p = 0.032; Fig. 3B), whereas the dry population had
higher PPO levels than the wet one when plants were subjected to stress.
On the other hand, the serPI level of the dry population from Goeree was
most responsive to drought, which increased it compared to the control
(Tukey p = 0.047) and flooding treatment (p = 0.057; Fig. 3A).

DISCUSSION
Consistent pressure from environmental stresses can lead to the evolution
of adaptive morphological and physiological traits to mitigate the adverse
effects of the environment (Chaves et al. 2003; Visser et al. 2016). Plant
defensive strategies against insect herbivores can also be influenced by
both biotic and abiotic factors in the environment (Fornoni et al. 2004;
Agrawal 2011). However, how plant chemical defences are influenced by
the types of habitat in which plant populations are growing is not well
known. In our study, we found habitat effects on PPO and serPI responses
of S. dulcamara populations, in which populations from dry habitats were
characterized by higher levels of these defence-related proteins, particularly
PPO. These differences were most pronounced under stress conditions,
especially when the plants were placed under the abiotic stress that was
typical to their habitat of origin. On the other hand, the plants responded
inconsistently to novel stress conditions, i.e. to stress conditions they did
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Figure 3. Effects of habitat and abiotic stress treatments on the levels of serine-type protease
inhibitors (serPI) and polyphenol oxidases (PPO) and total protein of representative Solanum
dulcamara populations. (A) SerPI levels of the dry (empty dots) and wet populations (filled
dots) from Goeree. Different small letters next to data of the dry population indicate significant
effects of abiotic treatments (Tukey p < 0.05). (B) PPO levels of the dry and wet populations from
Schiermonnikoog. Different small letters next to data of the wet population indicate significant
effects of abiotic treatments (Tukey p < 0.05). Significant difference between dry and wet
populations under each abiotic treatment is indicated by * on top of the data. Significant main
effects of habitat (h) and stress treatments (t) and their interaction (hxt) were also presented. *,
p < 0.05; **, p < 0.01; ***, p < 0.001.

not experience in their natural environment. This indicates that the ability
to induce defence-related responses in S. dulcamara plants depends on
the habitat of origin. However, amplified fragment length polymorphism
(AFLP) marker analysis revealed that habitat types did not constitute a main
factor for genetic differentiation among these populations. On the other
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hand, the genetic differentiation was positively correlated to geographical
distances between population locations (Qian Zhang, manuscript in
preparation). Geographical distance was also shown to be the main factor
to cluster the genetic diversity of S. dulcamara populations collected on
larger spatial scales (Golas et al. 2010; Poczai et al. 2011). Since serPI
and PPO levels of the dry and wet populations were comparable under wellwatered greenhouse conditions, the observed differences under stresses
might not have a profound genetic basis. On the other hand, abiotic
stresses, such as drought, heat and flooding, have been shown to cause
extensive epigenetic changes to plants. These include, but not limited
to, DNA methylation, histone modifications and transposable element
frequencies, which can be accumulated and inherited over multiple
generations and alter plant responses to the immediate stresses (Boyko et
al. 2010; Sahu et al. 2013; Iwasaki & Paszkowski 2014; Garg et al. 2015).
In S. dulcamara, drought and flooding induced variable DNA methylation
patterns in genetically identical clonal plants. Moreover, genotypes from
different populations also exhibited distinct methylation patterns upon
stresses (Janny Peters, unpublished data). Thus, we speculate that the
observed habitat differentiation in PI and PPO responses to abiotic stress
is partially attributed to epigenetic regulation, in addition to any genetic
differentiation that were undetectable by the neutral AFLP markers. The
consistent pressure from the water limitation or flooding in the habitats of
S. dulcamara might have differently imposed epigenetic modifications that
are transferred to their progenies and allow the expression of appropriate
responses when the stresses recur.
Differences in expression of adaptive morphological traits have been
found between these populations. Plants from dry habitats displayed
higher root:shoot biomass ratios under well-watered conditions compared
to the ones from wet habitats. This may improve their capacity to forage
for water and consequently their performance under natural conditions
(Qian Zhang, manuscript in preparation). On the other hand, plants of wet
populations produced adventitious roots faster in response to soil flooding,
which buffers the adverse effects of anaerobic conditions on primary root
system (Visser et al. 2016). The question is that whether higher defencerelated PPO and PI responses is also adaptive to water deficit in the plant
habitat? PIs have been shown to bind to and protect chlorophyll from
degradation, thus maintaining the sink status of leaves and increase plant
tolerance to drought stress (Desclos et al. 2008; Zhang et al. 2008; Mosolov
& Valueva 2011). As for PPO, their compartmentation to chloroplasts
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and recent findings of their role in protection of photosynthetic cells by
regulating the level of phenolic compounds suggest their involvement in
photosynthesis (Boeckx et al. 2015). Therefore, increasing levels of PI and
PPO might mitigate the adverse effects of drought, such as damaging of
the plant photosynthetic machinery due to accumulated reactive oxygen
species (Pinheiro and Chaves 2011). If this is so, then why should wet
populations under flooding have lower PI and PPO levels, since flooding
also negatively affects photosynthesis (Yordanova & Popova 2007; Rood et
al. 2010)? One reason might be that S. dulcamara plants are well adapted
to flooding. Mature plants have pre-formed adventitious root primordia
on their stems regardless of the habitat of origin (Dawood et al. 2014;
Zhang et al. 2015b). At the stage when we harvested the plants for PI and
PPO analyses, three weeks after the treatment onset, all plants had been
characterized by profuse adventitious root production to cope with the
stress. Eventually, flooding did not significantly affect S. dulcamara plant
performance (Visser et al. 2016; Qian Zhang, manuscript in preparation).
Furthermore, such intraspecific differentiation in plant defensive traits
may be contributed by distinct herbivory pressures by different herbivore
communities in their natural habitats (Lankau 2007; Anstett et al. 2015).
In turn, the changes in defence-related traits when plants are under stress
may affect the plant resistance to insect herbivores, which was not analysed
in our experiment. It is, however, difficult to predict what the net effect of
the higher levels of defences in dry populations would be on the entire
insect community as any given plant defence compound has different
impacts on different insect species (Ali & Agrawal 2012). Information on
insect communities and levels of plant damage at the populations of origin
or on insect performance under greenhouse conditions will give valuable
insights into the relevance of the variation in plant defences. At the
same time, drought may increase the nutritional values of plant tissues,
demonstrated by the leaf total protein levels, which may lessen the antidigestive and anti-nutritive effects of PI and PPO to some insects that
can tolerate them to some levels. Thus, the differential changes in plant
defence-related traits and nutritional values when under various stresses
would result in S. dulcamara populations expressing very variable levels
of insect resistance. This diversity and their ability to adapt to different
abiotic stress conditions might be an advantage for the plants when
dispersed to new environments or exposed to altered weather patterns
due to climate change. In conclusion, our study shows that dry and wet
habitats may contribute to the selection pressure that differentiates the
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defence-related traits of S. dulcamara populations, which may affect their
performance in natural environment.
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SUPPLEMENTAL DATA
Table S1. Effects of geographical location and region (northern, central and southern) on levels
serine-type protease inhibitors (serPI), polyphenol oxidases (PPO) and total protein of Solanum
dulcamara plants. Different small or capital letters indicate significant differences between plant
populations from different locations or regions, respectively, (LSD p < 0.05).

Location

serPI (ug g-1 FW)

PPO (act. g-1 FW)

3

protein (mg g-1 FW)

Schiermonnikoog 248.70 ± 9.35 bc

northern:

3.78 ± 0.27 bcd

northern:

Ameland

265.13 ± 8.87 abc

262.53 ± 7.35 A

4.28 ± 0.18 a

3.88 ± 0.21 B 33.04 ± 2.29 ab 29.67 ± 1.82 A

Texel

273.77 ± 9.55 ab

Callantsoog

243.51 ± 11.76 c

central:

Castricum

252.81 ± 10.28 bc

259.44 ± 11.59 A 3.51 ± 0.28 d

Zandvoort

282.00 ± 10.46 a

Meijendel

257.13 ± 8.67 abc

Voorne
Goeree

3.57 ± 0.19 bcd

northern:

26.78 ± 2.43 b

4.03 ± 0.27 abcd central:

26.95 ± 2.62 b

3.85 ± 0.17 B 43.43 ± 5.38 a

4.00 ± 0.19 abc
southern:

29.20 ± 2.29 b

central:
33.22 ± 5.15 A

29.30 ± 2.22 b

4.09 ± 0.26 ab

southern:

42.11 ± 4.70 a

262.69 ± 11.21 abc 255.94 ± 4.28 A

3.41 ± 0.17 cd

3.37 ± 0.42 A 28.42 ± 2.06 b

248.01 ± 8.12 bc

2.62 ± 0.16 e

southern:
33.21 ± 4.45 A

29.10 ± 3.34 b
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ABSTRACT
Under natural conditions plants have to deal with multiple biotic and
abiotic stress factors. When these occur simultaneously, convergence of
hormonal signalling governing adaptive responses to different stresses
may occur. We hypothesized that signalling pathways regulating species
specific defences to insect herbivores may differentially interact with
drought responses, resulting in distinct plant resistance phenotypes. To
test this, we studied hormonal and transcriptomic responses of Solanum
dulcamara plants to drought, herbivory by the generalist Spodoptera
exigua (beet armyworm; BAW) or the specialist Leptinotarsa decemlineata
(Colorado potato beetle; CPB) and combinations of drought with either
herbivore. The results showed that S. dulcamara plants under drought
became more resistant to BAW, but not to CPB. BAW or CPB herbivory
both strongly induced the accumulation of jasmonic acid (JA) and abscisic
acid (ABA) in drought-stressed plants. Drought supressed CPB-induced
ethylene (ET) emissions and enhanced CPB-induced salicylic acid (SA)
accumulation; however, drought did not affect BAW-induced ET emissions.
Correspondingly, microarray analyses and enzyme activity assays showed
that drought increased the herbivore-induced production of JA/ABAdependent defence responses, such as protease inhibitors. On the other
hand, the transcriptional responses related to cell wall remodelling and
metabolism of carbohydrates and lipids were less prominently induced
upon CPB than upon BAW herbivory on drought-stressed plants. Moreover,
drought combined with CPB herbivory more strongly enhanced several
photosynthesis-related and pathogen responses, which may divert plant
resources toward drought acclimation and not toward effective defence
against CPB. Our results suggest that while BAW suffers the droughtenhanced defences of S. dulcamara plants, CPB may be able to trigger
responses that interfere with the drought responses by altering SA and
ET signalling. This specific interaction between S. dulcamara and CPB
under drought may benefit the herbivore and suggests a more fine-tuned
interaction between the plant and its specialist herbivore.
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INTRODUCTION
In natural environments, plant growth is constrained by a variety of biotic
and abiotic stress factors, which often occur in combination. Adaptive
responses to abiotic stresses, such as drought, and the production of
plant defences against insect herbivores are both very costly in term of
resources (Herms & Mattson 1992; Skirycz and Inze 2010; Vos et al.
2013a). Thus, when under simultaneously occurring multiple stresses,
plant responses need to be adjusted to optimize resource allocation for the
benefit of plant survival and propagation (Atkinson & Urwin 2012; Huot et
al. 2014). Individual adaptive responses are tightly regulated by hormonal
signalling, but how they interact under combined stress conditions is
poorly understood.
As a consequence of the longstanding evolutionary arms race between
plants and their herbivorous enemies, plants have evolved many adaptive
defence strategies. In the core of these strategies lies the jasmonic acid
(JA) signalling pathway, mediating many direct defence responses, such
as the production of alkaloids, protease inhibitors (PIs) and polyphenol
oxidases (PPOs) (Howe and Jander, 2008). To mount effective defences
against their diverse insect enemies, plants rely on their ability to recognize
specific cues released by the attackers, called herbivore associated
molecular patterns (HAMPs). Upon recognition, other signalling hormones
besides JA, such as abscisic acid (ABA), ethylene (ET) and salicylic acid
(SA), are induced to fine-tune defence responses, depending on the insect
and plant species (Erb et al. 2012; Pieterse et al. 2012; Acevedo et al.
2015). For example, specific HAMPs in oral secretions of Manduca sexta or
Spodoptera exigua larvae are responsible for the differences in hormonal
responses triggered by these insects in their host plants. While M. sexta
herbivory induces JA and ET accumulation in Nicotiana attenuata plants,
BAW herbivory induces JA and SA accumulation (Diezel et al. 2009).
Herbivory by S. exigua on Arabidopsis thaliana, however, elicits JA and ET
accumulation (Rehrig et al. 2014), whereas Pieris rapae caterpillars elicit
JA and ABA accumulation (Vos et al. 2013b).
It is known that there are cross-talks between ABA, ET and JA
signalling to regulate different defence responses. JA and ABA co-induce
the transcription factor MYC2, which regulates defence-related gene
expression (e.g. VSPs, LOXs and glucosinolate biosynthetic genes) and
resistance to chewing herbivores (Lorenzo et al. 2004; Dombrecht et al.
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2007; Schweizer et al. 2013; Vos et al. 2013b). ET signalling also induces
several JA-induced defences against insect herbivores, such as nicotine
and Mir1-CP (Ankara et al. 2009; Onkokesung et al. 2010a). Moreover,
JA and ET co-induce members of the ET-responsive transcription factors
ERF1 and ORA59 to regulate defences against necrotrophic pathogens
(e.g. PDF1.2 and PR1) (Lorenzo et al. 2003; Pré et al. 2008). However,
ET signalling, including ERF1/ORA59 activity, has been shown to have a
mutual antagonism with the JA/ABA-responsive defence-related genes,
thus suppressing plant resistance to several insects (Anderson et al.
2004; Lorenzo et al. 2004; Song et al. 2014a). Similarly, HAMP-induced
SA signalling is considered an inhibitor of JA-dependent defence responses
(Diezel et al. 2009; Pieterse et al. 2012; Thaler et al. 2012; Caarls et
al. 2015). Defence suppression via SA signalling is also exploited by
insects through viruses or symbiotic bacteria that they carry. For example,
Tomato spotted wilt virus, transmitted by Frankliniella occidentalis, and
Pseudomonas sp. in oral secretion of Leptinotarsa decemlineata induce
SA accumulation in Arabidopsis and tomato (Solanum lycopersicum),
respectively, resulting in suppressed JA-dependent defences and increased
insect performance (Abe et al. 2012; Chung et al. 2013). These insights
suggest that plant-insect interactions are tightly regulated by the speciesspecific hormonal profiles that are induced upon herbivory.
Plant responses to drought are mediated by a similar interactive
hormonal signalling network, in which ABA plays a central role in the
induction of stomatal closure, leaf senescence and maintenance of primary
root growth (Sharp et al. 2004; Daszkowska-Golec and Szarejko 2013;
Liang et al. 2014). Here, ET and JA are also leaf senescence inducers
(Kim et al. 2015), while JA and SA interact with ABA signalling to induce
stomatal closure (Hossain et al. 2011; Munemasa et al. 2011; Miura et
al. 2013). ET, on the other hand, has a strong antagonistic interaction with
ABA in regulating stomatal closure and shoot and root development under
drought stress (Sharp and LeNoble 2002; Tanaka et al. 2005; Yin et al.
2015).
As many of the hormonal pathways activated by herbivores and
drought overlap, substantial cross-talk is expected when these stress
factors occur simultaneously. This supposedly changes the outcome of the
molecular network that regulates plant defences against insect herbivores.
Previous studies indeed have found that drought stress alters the levels
of plant defences and resistance to insect herbivores. Drought lowered
concentrations of defensive metabolites in Alliaria petiolata plants and
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enhanced performance of P. brassicae (Gutbrodt et al. 2011). Moreover,
it affected the interaction between Brassica oleracea and Mamestra
brassicae with respect to hormone levels and volatile emissions,
resulting in the moth preference of drought-stressed plants over normally
watered ones (Weldegergis et al. 2015). In contrast, drought reduced the
performance of Creiis lituratus and Myzus persicae on Eucalyptus dunnii
and B. oleracea var. capitata, respectively (Stone et al. 2010; Simpson
and Grace, 2012).
These contrasting results suggest that the interaction between drought
and defence responses may depend on herbivore-specific signalling. To
unravel the molecular basis of these differential interactions, we studied the
effect of drought on herbivory by the generalist S. exigua (beet armyworm;
BAW) and the specialist L. decemlineata (Colorado potato beetle; CPB)
on Solanum dulcamara, a wild relative to tomato and potato. Although
they are both chewing insects, different induced defence responses to
the generalist and the specialist are expected (Ali & Agrawal 2012), which
would in turn result in distinct interactions with drought induced response.
We hypothesized that drought enhances plant defence responses to
both insects since water deficit has been shown to induce JA and ABA
accumulation in S. dulcamara (Nguyen et al. 2016; Chapter 2). However,
drought also increases SA levels in S. dulcamara (Chapter 2), and CPB
herbivory is able to induce SA accumulation as well (Chung et al. 2013).
The drought and CPB herbivory interaction may, therefore, further increase
SA accumulation and mitigate the JA-dependent defence responses in
drought-stressed plants. As a consequence, we expected CPB to perform
better than BAW when feeding on drought-stressed plants. To test these
hypotheses, we performed a series of experiments to assess herbivore
performance on drought-stressed and well-watered plants. Moreover, we
determined hormonal responses and transcriptomic profiles as well as PI
activity upon feeding by the two insects on S. dulcamara plants under
well-watered and drought treatments.

MATERIALS AND METHODS
Plant materials

A seed batch of S. dulcamara collected from a coastal dune population
in Goeree (South Holland, The Netherlands) in 2010 was used in this
study. Seeds were stratified at 4oC for two weeks on glass beads (1 cm)
dampened with tap water in a closed plastic box (8x8x6 cm, WxLxH) and
kept in the dark. After stratification, seeds were sown into pots (11x11x12
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cm, WxLxH) containing soil mixture (Lentse Potgrond number 4, Horticoop,
Katwijk, The Netherlands) covered with a thin layer (0.5 cm) of sand,
which was kept constantly wet until cotyledons appeared. Plants were
well watered to maintain volumetric soil moisture at 22.0 ± 3.3% (mean
± SD; v/v – see below for details) and kept in an insect-free glasshouse
at a 16-h photoperiod and minimum temperatures set to 20oC/17oC (day/
night). Greenhouse light was supplemented with sodium lamps (600 W,
Philips, Amsterdam, The Netherlands) when natural light fell below 250
µmol m-2 s -1. The whole experiment was performed during the period of
April and May 2014.

Water treatments
Volumetric soil moisture was monitored using an ML2x ThetaProbe
connected to a HH2 Moisture Meter (Delta-T Devices, Cambridge, United
Kingdom). Measures were taken at least 30 minutes after watering at two
positions at opposite sides of the main stem. Only a subset (8 to 11 plants
per water treatment) was measured each time. The soil of each pot was
punctured using the probe in the beginning to control for root damage
caused by moisture measurements.
Thirty-days-old plants were evenly divided over two netted
compartments and randomly assigned to one of two water treatments:
well-watered (control) or drought. To promote a gradual decrease of the
soil moisture towards moderate drought stress, drought-treated plants
were supplemented with 50 mL water every day. As a consequence, the
soil moisture level of drought-treated plants decreased from 20.6 ± 2.6%
at the onset of drought treatment to 10.4 ± 1.3% within three days, when
mild wilting of the bottom leaves was observed, and to 9.6 ± 1.9% within
five days of the treatment. No water was added during the last two days
when insect herbivory was applied.

Insect rearing, herbivory treatments and leaf sampling
Spodoptera exigua (beet armyworm; BAW) larvae were reared on an
artificial diet based on wheat germ (Hoffman et al. 1966) and kept at 25oC
and 16-h photoperiod in a climate cabinet (Snijders Scientific, Tilburg, The
Netherlands). Leptinotarsa decemlineata (Colorado potato beetle; CPB)
larvae were reared on a mixed diet of potato and S. dulcamara leaves in
greenhouse conditions. All larvae were fed on S. dulcamara leaves for one
day and starved for about two hours before being used in the experiments.
After five days of water treatments, control and drought-treated plants
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were treated with herbivory by CPB or BAW larvae or kept as undamaged
controls. For herbivory treatments, per plant, one or two young thirdinstar larvae depending on their sizes were confined to the youngest
fully expanded leaf using a white mesh bag to give the plants a similar
level of leaf damage. For the undamaged (control) treatment, leaves at
a similar position on control plants were enclosed in mesh bags without
insects. After 48 h of feeding, leaves from plants under control or drought
treatments were harvested (n = 12 per treatment combination of a 2x3
factorial design). Before being flash-frozen in liquid nitrogen and stored
at -80oC, the sampled leaves were quickly photographed to measure the
damaged areas using Fiji software based on ImageJ v. 1.48d (Schindelin
et al. 2012).
For testing insect performance, larvae were weighed and moved to
upper undamaged leaves after 48 h of feeding. After another 72 h of
feeding, larvae were weighed again and total weight gain was calculated
and corrected to the numbers of larvae used per plant.

Leaf samples for molecular analyses
For molecular analyses (microarrays, quantifications of hormones and
PI content), the three samples per treatment combination with the
most extreme (lowest and highest) leaf damage were excluded to obtain
similar damage levels among herbivory treatments. For microarrays, the
remaining nine samples per treatment were pooled into three biological
replicates based on their damaged area to ensure similar levels of damage
variation within the pools. Three plants were first randomly assigned to a
pool and the average damaged area for each pool was calculated. We then
compared the average damage levels of the water-herbivory treatment
combinations and reassembled the pools until no statistically significant
difference in damage levels between herbivory treatments. Samples from
plants under water treatments without herbivory were randomly assigned
to pools.

Microarray analysis and data processing
Customized 8x60K Agilent microarrays for S. dulcamara were produced
by Oaklabs based on its transcriptome (D’Agostino et al. 2013). The
microarrays target 33,957 potential transcripts, each with one or multiple
probes (10 – 15 bp) that were validated by hybridization to both genomic
DNA samples and RNA samples from different tissues of S. dulcamara
accessions under various treatments. 29,091 targets represent 19,333
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S. dulcamara contigs in a single direction and 4879 contigs in both
directions. The rest of targets (4866) represent multiple contigs, in one or
both directions.
Total RNA was extracted from leaf samples and quality was check
as described in Chapter 2. Further quality control of RNA samples was
performed by Oaklabs (Hennigsdorf, Germany) using a 2100 Agilent
Bioanalyzer (Santa Clara, CA, USA). Eighteen RNA samples, from a
2x3 factorial experimental design, were randomly allocated to three
microarrays. Microarray hybridization, image analysis, background and
spatial corrections, probe averaging for targets with multiple probes and
quantile normalization of intensity data were performed by Oaklabs.
Further data analyses and statistical tests were done on log2transformed intensity data using in-house scripts for R environment (R
Development Core Team 2013). Targets with intensity values lower than
the intensity threshold determined by density plots (< 2) were considered
as background noise and discarded from the dataset. Multidimensional
scaling (MDS) was performed on “1-cor”-distance matrix of the dataset
without the noise targets. The R script computed 2-way ANOVAs followed
by pairwise comparisons with post-hoc Tukey HSD tests and calculation
of false discovery rate (FDR) corrected p values using the BenjaminiHochberg procedure (Benjamini & Hochberg 1995). Cut-offs for targets
with significant changes in expression were set at 2 for fold changes and
0.01 for FDR p values.

Gene set enrichment analysis and clustering of transcriptomic
response
Gene ontology (GO) annotation of biological process (BP) terms for microarray
targets were obtained from the matched contigs in the S. dulcamara
transcriptome (Nguyen et al. 2016; Chapter 2). Gene set enrichment
analysis (GSEA v. 2.1.0; Broad Institute, Cambridge, Massachusetts, US;
Subramanian et al. 2005) was used to test the enrichment of 746 BP
terms in the whole transcriptome between two conditions, including the
effects of CPB and BAW herbivory on control or drought-stressed plants
and the comparisons between CPB and BAW herbivory on control (CPBBAW) or drought-stressed plants (CPB-BAW_drought). A cut-off at 0.1 for
FDR q value was used to determine significantly mediated BPs. Cytoscape
v. 2.8.3 (Shannon et al. 2003) coupled with the GSEA software was used
to visualize the enrichment maps. Related clusters and single BPs were
grouped and assigned with labels. Hierarchical clustering (Euclidean
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distance, average linkage) by GENE-E (Broad Institute, http://www.
broadinstitute.org/cancer/software/GENE-E/index.html) was used to
cluster the transcriptomic responses based on normalized enrichment
scores (NES) of the gene sets from the GSEAs. Only gene sets with at least
one significant FDR q value from all GSEAs were included in the clustering.

Quantification of leaf total protein and PI contents
Leaf total protein extraction, using 630 mL extraction buffer for
approximately 135 mg ground leaf material, was performed as described
in Chapter 3. Total protein content (µg mg-1 fresh weight (FW)) was
quantified using Bradford assays (Bradford 1976). Enzyme activity
assays for serine-type PI (serPI) were adapted from Bode et al. (2013) as
described in Chapter 2. SerPI contents were calculated over the amount
of sample used in protein extraction (µg g-1 FW). Three technical replicates
were taken for each sample. All assays were performed in an Infinite® 200
PRO plate reader (Tecan, Männedorf, Switzerland) at room temperature.

Quantification of JA, JA-isoleucine (JA-Ile), ABA and SA
Quantification of JA, JA-Ile, ABA and SA was performed as described in
Chapter 2 using a UPLC-ESI-MS/MS Synapt G2-S HDMS (Waters, Milford,
Massachusetts, USA). For undamaged leaf samples in which hormone
(JA and JA-Ile) concentrations were under the detection limit, data
were simulated using a conservative approach by assuming the limit of
quantification (LOQ) of the apparatus and adding to it a random noise
generated by the R function “rnorm” (mean = LOQ/2, sd = LOQ/5). All
hormone concentrations were calculated over the amount of fresh leaf
material used (ng g-1 FW).

On-line detection of ET emission
Separate experiments were set up to measure ET emissions of S. dulcamara
plants upon drought stress and insect herbivory using a laser-based
ET detector (ETD-300, Sensor Sense B.V., Nijmegen, The Netherlands;
Chapter 2). Plants and herbivores were cultured and treated as above. The
youngest fully expanded leaf of each plant was enclosed in a customized
cuvette and connected to an air pump to avoid water condensation and ET
accumulation one day before measurements. Each plant was measured
for 20 min at 3 L h-1 air flow rate while the rates were set to 0 for the other
two plants that were measured in the same set. Firstly, ET emission rates
(nL h-1) were measured to compare the effects of herbivory by CPB and
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BAW on normally watered plants during a 24-h period. After a no-herbivory
base-line measurement, one fourth-instar CPB (n = 6) or BAW larva (n = 8)
was inserted into the cuvette, or plants were kept undamaged as controls
(n = 6). Secondly, we tested the effects of 5-day drought treatment on ET
emission of undamaged plants and on herbivore-induce ET emission. After
the first two measurement without insect herbivory, one BAW larva was
inserted into the cuvette of control (n = 4) or drought-treated plants (n = 6)
to feed for 24 h. A similar design was used on separate groups of control
and drought-treated plants to examine the effect of drought on ET emission
during CPB herbivory (n = 6 per water treatment). These measurements
during CPB herbivory were extended to a 48-h time course. One extra plant
under well-watered treatment without herbivory was included to represent
the control ET emission rate of undamaged leaves. An empty cuvette was
always included in each set of measurement to serve as air reference.

Statistics
Microarray data was statistically tested as described above. Data on
insect performance, hormone concentrations and total protein and serPI
contents were tested by standard statistics using PASW Statistics v.21
(IBM, New York, USA). Levene’s and Shapiro-Wilk tests were performed
to check for homogeneity of variance and normality, respectively. Two-way
ANOVAs were used for testing the effects and interaction of water and 48-h
herbivory treatments on hormone concentrations, protein and PI contents.
Hormone data were log10-transformed before the analysis. These tests
were followed by one-way ANOVAs and independent samples T-Tests to
determine significant effects of herbivory under each water treatment and
effects of water treatments (with or without herbivory), respectively. All
one-way ANOVAs were followed by Fisher’s Least Significance Difference
(LSD) tests. For ET emission rates, Repeated Measures Analyses were
used to test for herbivory effects. These analyses also included tests of
between-subjects effects of water treatments and the interactions with
herbivory treatments.

RESULTS

Drought differentially affects plant resistance to insect
herbivores
Effects of drought on S. dulcamara plant resistance were examined by
subjecting plants under well-watered (control) and drought treatments to
herbivory treatments by either BAW or CPB larvae. After a five-day feeding
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*
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Figure 1. Effects of water treatments on insect performance on Solanum dulcamara plants.
Spodoptera exigua (BAW, squares) and Leptinotarsa decemlineata (CPB, dots) larvae were fed for
five days on well-watered (control) or drought-treated plants. + p <0.10 and * p <0.05 obtained
from Student’s T tests for the effect of water treatments on CPB and BAW weight gain, respectively.
Error bars are SEM, n = 12 per treatment combination.

period, BAW larvae feeding on drought-stressed plants gained significantly
less weight (p = 0.045), whereas CPB larvae feeding on drought-stressed
plants tended to gain more weight (p = 0.081), compared with their
conspecifics feeding on control plants (Fig. 1). These contrasting effects
of drought on herbivore performance resulted in a statistically significant
interactive effect on weight gain between water treatments and herbivore
species [F(1,44) = 6.734, p = 0.013]. Thus, under drought stress
S. dulcamara plants became more resistant to BAW but not to CPB, if
anything, they became more sensitive to CPB.

Hormonal regulation in individual or combined treatments of
drought and herbivory
To investigate plant hormonal responses that may lead to the different effects of
drought on plant resistance to insect herbivores, we measured concentrations
of JA, JA-Ile, ABA and SA in S. dulcamara plants under well-watered and
drought treatments without or with 48-h herbivory by BAW or CPB. As individual
stress factors, herbivory by either BAW or CPB significantly induced the
accumulation of JA, JA-Ile and ABA under the well-watered (control) treatment
(Fig. 2A-C, Supplemental Table S1). BAW herbivory, however, had significantly
stronger effects on the induction of these hormones than CPB, despite the
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Figure 2. Effects of water and 48-h insect herbivory treatments on hormone concentrations in
Solanum dulcamara leaves: (A) jasmonic acid (JA), (B) JA-isoleucine (JA-Ile), (C) abscisic acid (ABA)
and (D) salicylic acid (SA). Different small letters indicate significant differences (LSD p < 0.05)
between herbivory treatments within each water treatment: no herbivore (control, empty bars),
Spodoptera exigua (BAW, grey bars) and Leptinotarsa decemlineata (CPB, black bars). Different
capital letters indicate significant main effects (Univariate, p < 0.05) of water treatments. + p
< 0.10; * p < 0.05 obtained from Student’s T tests between well-watered (control) and drought
treatments for each herbivory treatment. Error bars are SEM, n = 9 per treatment combination.
FW: fresh weight.

similar damage levels caused by the two insects (Supplemental Fig. S1). In
contrast, SA levels were increased only upon CPB feeding (LSD p < 0.001,
main effects compared to the undamaged or BAW-damaged plants; Fig. 2D).
As expected, drought stress alone significantly induced ABA accumulation,
whereas none of the other hormones was significantly affected (Fig. 2).
When combining the drought and insect herbivory treatments, we found an
additional significant main effect of drought treatment on JA concentrations.
Moreover, there was a significant interaction between water and herbivory
treatments on the accumulation of JA, JA-Ile and ABA (Supplemental Table
S1). Drought stress enhanced JA/JA-Ile accumulation induced by CPB feeding,
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Figure 3. Effects of water and insect herbivory treatments on ethylene (ET) emission (mean ±
SEM, nL h-1) from S. dulcamara leaves. (A) Plants were under well-watered (control) or drought
treatments for five days before the ET measurements. Each replicate (n = 7 per treatment) was
the average of two consecutive measurements. (B) Leaves were undamaged (control, n = 6) or
fed on by Spodoptera exigua (BAW, n = 8) and Leptinotarsa decemlineata (CPB, n = 6) larvae for
24 h period. Each replicate was the average emission rate of the whole period. Different letters
indicate significant difference between herbivory treatments (LSD p < 0.05). (C) Plants were under
5-day control (n = 4) or drought (n = 6) treatments before a 24-h herbivory treatment by BAW.
Each replicate depicts the average emission rate over the whole period. (D) Plants were under
5-day control (filled dots) or drought treatments (filled squares, n = 6 per treatment) before a 48-h
herbivory treatment by CPB. The arrow indicates when herbivory treatment started by adding a
larva to each cuvette. One extra plant under control treatment without herbivory was included as
baseline of ET emission rate (empty dots). Shaded blocks indicate dark.
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whereas drought did not affect their induction by BAW feeding (Fig. 2A-B).
On the other hand, the differences in ABA levels among herbivory treatments
were no longer observed under drought as they were uniformly higher than
the well-watered counterparts (Fig. 2C). Although drought treatment alone did
not induce SA accumulation, it seemed to enhance SA accumulation upon
CPB herbivory. This resulted in significantly higher SA levels induced by CPB
herbivory compared to those in both undamaged and BAW-damaged plants
under drought stress (Fig. 2D).

The ET emission of well-watered S. dulcamara plants was similarly
increased upon 24-h herbivory by BAW and CPB but was not affected by
drought stress alone (Fig. 3A-B). Moreover, drought treatment had no effect
on the BAW-induced ET emission (Fig. 3C). Conversely, CPB-induced ET
emissions of drought-stressed plants were significantly lower than those
of well- watered plants after 24-h herbivory, which difference was further
increased after 48-h herbivory (Repeated Measures, F(1, 10) = 5.728, p =
0.038; Fig. 3D). This resulted in a significant interaction between drought
and CPB herbivory treatments on ET emission rates (F(2.29, 22.90) =
3.600, p = 0.038).
In conclusion, water treatments clearly interact with CPB herbivory
in regulating the accumulation of JA, JA-Ile, ET and possibly SA in S.
dulcamara, whereas the increases in JA, JA-Ile and ET levels upon BAW
herbivory were independent of watering regimes.

Transcriptional regulation
Differences in plant hormonal responses upon herbivory by generalist
or specialist insects may trigger diverging transcriptional responses. To
analyse the plant responses at this level, leaf RNA samples of the same
plants under two water treatments (well-watered or drought) and three
herbivory treatments (no herbivory or 48-h herbivory by BAW or CPB) were
subjected to microarray analysis, with three biological replicates of each
combination. Of all 33,957 targets, 25,570 had normalized expression
values higher than the intensity threshold. They were selected for further
analyses and hereupon referred to as genes. At biological process (BP)
level, GSEAs identified 440 BPs significantly affected in at least one of
the comparisons for herbivory effects. These included processes involved
in plant growth and development and responses to environmental biotic
and abiotic factors. Multiple dimension scaling analysis showed that
drought and insect herbivory treatments had different effects on the S.
dulcamara transcriptome as they separated the treatment groups on
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Figure 4. Multidimensional scaling analysis of microarray transcriptomic data of Solanum
dulcamara under combinations of water and 48-h insect herbivory treatments. Plants were under
well-watered condition without (CON) or with herbivory by Spodoptera exigua (BAW) or Leptinotarsa
decemlineata (CPB) or under drought treatment without (DRY) or with herbivory by BAW (DB) or
CPB (DC). Replicates of the same treatments are similarly colour-coded and circled. Data were
log2-transformed and targets with intensities lower than the threshold were removed before the
analysis.

different axes (Fig. 4). Moreover, BAW herbivory had a stronger effect
on the transcriptome than CPB herbivory as these samples were further
removed from undamaged control plants.

The core responses to insect herbivory of S. dulcamara
Since BAW and CPB are both chewing herbivores, similarity in
transcriptional responses to their herbivory was expected. About 10%
(267) of the significantly induced genes was always affected similarly
by both insects regardless of watering regimes (165 upregulated, 102
downregulated; Fig. 5A), thereby constituting the core set of herbivoremediated genes. Fisher’s exact tests on their GO annotation distribution
highlighted the upregulation of genes involved in JA biosynthesis and
secondary metabolism (especially phenylpropanoids) and genes encoding
for protease inhibitors (PI) (Supplemental Table S2). Furthermore, drought
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stress increased the plant response to the herbivores, indicated by the
large number of genes (587) that were additionally induced when herbivory
took place under these conditions (281 upregulated, 306 downregulated;
Fig. 5A).
At the BP level, GSEAs including all detected genes showed that herbivory
by CPB or BAW larvae induced similar expression patterns for most BPs
(87.5%, or 385 BPs, Fig. 6) regardless of the insect species and watering
regimes. A total of 165 of these BPs were always significantly induced
in the same direction by the two insects (Fig. 5B), a large part of which
(145 BPs) were upregulated (Table 1). BPs related to responses to insect
and JA biosynthesis or signalling were among those that were always
upregulated (Fig. 7). Interestingly, the BP of the regulation of JA-mediated
signalling pathway (GO:2000022) was not significantly upregulated upon
herbivory by either insect on drought-stressed plants, and the BP of
response to insect (GO:0009625) was not significantly upregulated by CPB
herbivory on drought-stressed plants. Among the 20 BPs that were always
downregulated by the two insects regardless of the water treatments, four
were related to responses to abiotic stresses (heat, high light and UV), three
to responses to oxidative stress and seven to photosynthesis (Table 1).
Drought stress enhanced the transcriptional responses to BAW herbivory;
and more BPs were specifically induced in drought-stressed plants than in
control plants (80 compared with 44 BPs, respectively; Fig. 5B, top right
corner). In contrast, CPB herbivory induced less BPs on drought-stressed
plants (58) than on control plants (113) (Fig. 5B, top left corner).

Drought and insect herbivory increase serPI levels
As genes coding for PIs were strongly affected by drought, and because PI
activity is a well-known defence against insect herbivores, we more closely
analysed the regulation of PI genes and serPI levels. The commonality in
the regulation of PI genes by CPB and BAW herbivory under control and
drought treatments is illustrated in Fig. 8, which depicts the expression of
PI genes with at least one significant change in one of the comparisons.
Among them, four genes (comp460, 255, 251 and 1799) were significantly
upregulated by drought stress alone. Correspondingly, insect herbivory and
drought stress significantly increased serPI levels of S. dulcamara plants
(Fig. 9A, Supplemental Table S3). There were no statistically significant
interactions between them, even though a significant herbivore-induced
increase of serPI levels occurred in drought-treated plants only. Moreover,
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Figure 5. Effects of insect herbivory on transcriptional responses of Solanum dulcamara plants.
Plants were subjected to 48-h herbivory by Spodoptera exigua or Leptinotarsa decemlineata when
under well-watered (BAW and CPB, respectively) or drought (BAW_drought and CPB_drought,
respectively) treatments. (A) Numbers of up- (↑) or down-regulated (↓) genes. * ↑ in BAW, ↓ in
BAW_drought and CPB_drought; ** ↑ in BAW, ↓ in CPB_drought. (B) Numbers of induced biological
processes (both up- and down-regulated). In the top left and right corners are total numbers of
specific or shared genes (in A) or processes (in B) induced by each insects on well-watered or
drought-treated plants.
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Table 1. Classes of biological processes that were always significantly induced by insect herbivory
by Spodoptera exigua or Leptinotarsa decemlineata on Solanum dulcamara plants under wellwatered or drought treatments.
Group of biological processes

Upregulated

Downregulated

Total

Amino acid metabolism

16

0

16

Carbohydrate metabolism

14

0

14

Cell wall remodelling

19

0

19

Developmental processes

4

0

4

14

0

14

Ion homeostasis

7

0

7

Lipid metabolism

11

0

11

Photosynthesis-related processes

1

7

8

Redox homeostasis

8

3

11

Responses to abiotic stresses

6

4

10

Responses to biotic stresses

15

0

15

Hormonal homeostasis and signalling

Secondary metabolism

20

0

20

Other molecular physiological processes

10

6

16

145

20

165

Total

the effect of CPB herbivory on serPI levels was more pronounced than that
of BAW. This correlated with the stronger upregulation of PI genes by the
combination of drought and CPB herbivory (Drought_CPB; Fig. 8) than that
of drought and BAW herbivory (Drought_BAW). At the same time, we also
determined leaf total protein contents of these samples, which showed
that drought stress, but not insect herbivory, increased the leaf protein
contents of S. dulcamara plants (Fig. 9B, Supplemental Table S3).

Drought enhances the responses specifically induced by each
herbivore
Since S. dulcamara plants became more resistant to BAW but not to
CPB under drought, we investigated the differential effects of drought on
plant transcriptional responses to BAW and CPB. Interestingly, drought
enhanced the transcriptional responses that were induced specifically
by either CPB or BAW. While the number of BAW-specifically-induced
genes increased from 417 (231 upregulated, 186 downregulated;
Fig. 5A) upon herbivory on control plants to 569 on drought-stressed
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plants, the number of CPB-specifically-induced genes strongly increased
from 4 (2 upregulated, 2 downregulated) to 163 (85 upregulated, 78
downregulated; Fig. 5A). Interestingly, annotation distribution tests on
the BAW-specifically-induced genes (417 + 285 + 569 genes; the right
outer layer of the Venn diagram, Fig. 5A) showed that genes involved in
JA biosynthesis, cell wall biogenesis and organization and carbohydrate
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Figure 7. Induction of jasmonic acid (JA)/herbivore-related biological processes (BPs) by insect
herbivory in Solanum dulcamara plants. Each column is a pairwise comparison between two
conditions to show effects of 48-h herbivory by Spodoptera exigua or Leptinotarsa decemlineata
under well-watered condition (BAW and CPB, respectively) or drought treatment (BAW_drought and
CPB_drought, respectively) or to show differences between herbivory treatments by the two insects
on well-watered (CPB-BAW) or drought-stressed plants (CPB-BAW_drought). Colours indicate
directions of the BP enrichment based on normalized enrichment scores (NES) generated by gene
set enrichment analyses: red for upregulation (positive NES) and blue for downregulation (negative
NES). Colour scales indicate levels of significance based on FDR q values. GO: gene ontology.

metabolism were significantly over-represented in the upregulated genes,
whereas those involved in photosynthesis were over-represented in the
downregulated ones (Supplemental Table S4A). On the other hand, we
found no enrichment of insect defence-related responses in the CPBspecifically-induced genes (4 + 3 + 163, the left outer layer of the Venn
diagram, Fig. 5A), which contained a large group of 41 genes annotated as
ribosomal proteins and/or involved in protein translation (Supplemental
Table S4B). The 10 most up- or down-regulated genes specific to each
herbivore in drought-stressed plants are shown in Supplemental Table S5.
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Figure 8. Effects of water and insect herbivory treatments on the expression of protease inhibitor
(PI) genes in Solanum dulcamara. Each column is a pairwise comparison between two conditions
to show effects of drought treatment on plants that were undamaged (drought) or fed for 48 h
by Spodoptera exigua (drought_BAW) or Leptinotarsa decemlineata (drought_CPB) and effects
of herbivory on well-watered (BAW and CPB) or drought-stressed plants (BAW_drought and CPB_
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Notably, among the most upregulated genes that were specifically induced
by CPB are several genes annotated as responsive to pathogens, such as
Osmotin-Like Protein, Patatin-Like Protein 3, Alternative Oxidase, Universal
Stress Protein and Blue Copper Protein. On the other hand, BAW herbivory
on drought-stressed plants specifically induced two terpene synthases
(Sesquiterpene Synthase1 and Limonene synthase) which implies that the
induction of indirect defences may be affected by drought stress as well.
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CPB elicits less prominent responses than BAW, especially
under drought
Since SA signalling is considered as a negative regulator of insectinduced JA-regulated defences, we hypothesized that the CPB-induced
SA accumulation would suppress plant responses to herbivory by CPB,
compared to BAW. We plotted gradient directions of significantly induced
genes under combinations of drought and herbivory by each herbivore
(2x2 factorial design) in a circular histogram (Fig. 10). This showed
that CPB herbivory affected fewer genes, both up- (no < herbivore, right
horizontal) and down-regulated (no > herbivore, left horizontal), than
BAW. Correspondingly at BP level, approximately 61.5% and 73.8% of
the herbivore-upregulated BPs in control and drought-stressed plants,
respectively, were induced less strongly by CPB herbivory than by BAW
(Fig. 6, CPB-BAW and CPB-BAW_drought,). The stronger induction by
BAW on control plants was statistically significant for 26 BPs (Fig. 11A,
blue dots), 12 of which are related to cell wall biogenesis and organization.
This effect was even more prominent on drought-stressed plants
(62 BPs; Fig. 11B, most of blue dots), many of which are related to cell
wall biogenesis and organization (15 BPs) and metabolism of carbohydrates (8 BPs), lipids (7 BPs), and secondary metabolites (8 BPs). On
the other hand, the upregulation by CPB herbivory was significantly
stronger than that by BAW for 1 BP (GO:0019216, regulation of lipid
metabolism) in control plants and 4 unrelated BPs (GO:0006626,
0001510, 0010421, 0015757) in drought-stressed plants. Similar
patterns were found among the herbivore-downregulated BPs, and CPB
herbivory also had a weaker effect than BAW on the majority of these
BPs (84.3% in control and 79.4% in drought-stressed plants). The effect
was statistically significant for 32 and 14 herbivore-downregulated BPs
in control and drought-stressed plants, respectively (Fig. 11), at least
half of which were related to photosynthesis. Compared to BAW, CPB
herbivory exerted no significantly stronger repression on any of the BPs
in control plants and on two BPs only (GO:0031146, SCF-dependent
proteasomal uniquitin-dependent protein catabolism; and GO:0006723,
cuticle hydrocarbon biosynthesis) in drought-stressed plants. Together,
these results clearly indicate that CPB had less pronounced effects than
BAW on herbivore-mediated responses, especially in upregulation of these
responses in drought-stressed plants.
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Figure 9. Effects of water and insect herbivory treatments on serine-type protease inhibitor
(A, serPI) and leaf total protein (B) contents of Solanum dulcamara leaves. Plants were under
well-watered (control) or drought treatments for seven days without herbivory (no herbivore, empty
bars) or with a 48-h herbivory period by Spodoptera exigua (BAW, grey bars) or Leptinotarsa
decemlineata (CPB, black bars). Different capital letters indicate significant a main effect of water
treatments (p < 0.05). Different small letters within each water treatment indicate significant
differences (LSD p < 0.05) between herbivory treatments. + p < 0.10; * p < 0.05 obtained from
Student’s T tests between well-watered and drought treatments for each insect herbivory group.
Error bars are SEM, n = 9 per treatment combination.

Herbivore responses that were not induced by CPB in droughtstressed plants
To search for other responses that might also contribute to the negative
effect of drought on BAW but not CPB performance, we analysed the
responses that were always significantly induced by herbivory except
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when CPB herbivory occurred on drought-treated plants. Forty BPs fell
into this category (Fig. 5B, listed in Fig. 12). Among them, 34 BPs were
no longer significantly upregulated by CPB herbivory on drought-treated
plants. In addition to the BP of response to insect (GO:0009625, as
shown in Fig. 7), this group included BPs related to hormonal signalling
(4 BPs), cell wall organization and biogenesis (6 BPs), lipid (6 BPs) and
secondary metabolism (4 BPs in biosynthesis of suberin, pigments,
tetracyclic triterpenoid and sulfur compounds). The other six BPs, which
were always significantly downregulated by herbivory except when CPB
herbivory occurred on drought-treated plants, included three related to
photosynthesis and one for starch biosynthesis.
At the gene level, there were 30 significant herbivore-regulated genes
(17 upregulated, 13 downregulated) with similar induction patterns as
these BPs (Fig. 5A, Fig. 13). Notably, among the genes that were no
longer significantly upregulated by CPB in drought-treated plants, five
are involved in cell wall remodelling and carbohydrate metabolism
(a cellulose synthase-like protein, a pectin acetylesterase like protein,
a glucan endo-1,3-beta-glucosidase, a UDP-D-glucuronate 4-epimerase
and a UDP-glucosyltranferase), and two are involved in response to
dehydration (an aquaporin and a dehydration-responsive protein-like
protein). These processes and genes might contribute to the stronger
resistance to BAW, but not to CPB, of the S. dulcamara plants under
drought.

Plant responses to drought are more prominent under CPB
herbivory
Interestingly, the circular histogram (Fig. 10) also revealed that drought
stress induced many more genes in the treatment combinations with CPB,
than in combinations with BAW: 116 upregulated (green dots towards
control < drought) and 53 downregulated (green dots towards control >
drought) genes compared to 41 upregulated (red dots towards control
< drought) and 7 downregulated (red dots towards control > drought)
genes, respectively. Annotation distribution test of the 86 droughtupregulated genes specifically when in combination with CPB showed
an enrichment of genes functioning in chloroplasts (Supplementary
Table S6). They included annotated genes involved in isopentenyl
diphosphate biosynthesis in the non-mevalonate pathway for terpenoid
biosynthesis (GO:0019288), chlorophyll biosynthesis (GO:0015995) and
photosynthetic electron transport chain (GO:0009767). This indicates
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that plant physiological responses to drought, particularly photosynthesis,
may be less constrained by the response to CPB than that to BAW
herbivory.

CPB x drought
BAW x drought

control > drought

control > drought
no > herbivore

no > herbivore

control > drought
no < herbivore

0

4

no < herbivore

50

100
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control < drought
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Figure 10. Effects of water and 48-h insect herbivory treatments on gradient directions of Solanum
dulcamara transcriptional regulation. Data were generated from a 2x2 factorial design of water
treatments [well-watered (control) or drought] and herbivory (with or without) by Spodoptera exigua
(BAW x drought; red) or Leptinotarsa decemlineata (CPB x drought; green), respectively. Each dot
represents a group of genes with the same gradient direction indicated in the circular histogram,
whereby the distance from the centre indicates how many genes are in this group. Only genes with
at least one significant expression change were included in the analysis.
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Figure 11. Differences in the transcriptional regulation Solanum dulcamara plants subjected
to 48-h herbivory by Spodoptera exigua (BAW) or Leptinotarsa decemlineata (CPB). Network of
biological processes (BPs) in well-watered (A) or drought-stressed (B) plants. Only BPs, indicated by
nodes, with nominal p value ≤ 0.001, FDR q value ≤ 0.05, and overlap coefficient ≤ 0.5 generated
from the gene set enrichment analysis were included in the networks. Red or blue nodes are BPs
that were downregulated or upregulated, respectively, stronger by BAW than by CPB compared
to undamaged plants. Exceptions to this colour coding are nodes with adjacent green arrows
indicating inducing directions by CPB (first) and BAW (second) herbivory. Node and edge sizes
correspond to numbers of genes of a BP and number of genes that overlap between two connected
BPs, respectively. Related clusters and individual BPs are grouped and assigned with labels.
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Figure 12. Biological processes in Solanum dulcamara that were herbivore-induced except when
Leptinotarsa decemlineata (CPB) feeding on drought-stressed plants. Each column is a pairwise
comparison between two conditions to show effects of 48-h herbivory by Spodoptera exigua or
L. decemlineata under well-watered (BAW and CPB, respectively) or drought treatments (BAW_
drought and CPB_drought, respectively) or to show differences between herbivory treatments by
the two insects on well-watered (CPB-BAW) or drought-stressed plants (CPB-BAW_drought). Colours
indicate directions of the BP enrichment based on normalized enrichment scores (NES) generated
by gene set enrichment analyses: red for upregulation (positive NES) and blue for downregulation
(negative NES). Colour scales indicate levels of significance based on FDR q values. GO: gene
ontology number. GOs of the same class were grouped.
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DISCUSSION
In this study, we found that S. dulcamara plants under drought stress
became more resistant to the generalist BAW, but not, or if anything more
sensitive, to the specialist CPB. Correspondingly, herbivory by CPB and
BAW induced different hormonal profiles in S. dulcamara under wellwatered and drought conditions. At the transcriptional level, the induced
responses to CPB were less prominent than to BAW and drought enhanced
the specific responses to each herbivore.

Differential responses to CPB and BAW
Hormonal responses of S. dulcamara plants to CPB and BAW herbivory
are different under control water conditions, as described in other plant
species upon herbivory by different insects (Erb et al. 2012; Rehrig et al.
2014). BAW more strongly induced the accumulation of defence-related
hormones, JA, JA-Ile and ABA, whereas only CPB herbivory increased
SA levels. These differences in herbivore-induced hormonal profiles are
corroborated by the transcriptional responses of S. dulcamara to the
two insects. In addition to the overlapping (“core”) herbivory-mediated
genes, BAW herbivory specifically upregulated more genes involved in
JA biosynthesis, cell wall biogenesis and organization and carbohydrate
metabolism. Although in general CPB herbivory induced the same
biological processes as BAW, CPB-induced transcriptional responses are
much more subtle than those induced by BAW, illustrated by the very few
genes that were statistically induced specifically by CPB. Importantly, these
differences were observed despite the similar damage levels caused by
the two herbivores on the analysed leaf samples.
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A weaker transcriptional response to a specialist chewer, P. rapae, than to
a generalist, BAW, was also reported in Arabidopsis, which is attributed to
the differences in amounts and timing of herbivore-induced ET production
(Rehrig et al. 2014). However, we did not observe any differences in ET
production induced by CPB and BAW in S. dulcamara. Instead, our results
may be explained by the differential accumulation of SA, which was higher in
response to CPB and may suppress defence responses to insect herbivores
via SA-JA antagonism (Thaler et al. 2012; Caarls et al. 2015). In tomato
and potato, feeding by CPB larvae suppresses the wounding/herbivory
induction of several JA-mediated defences, such as PI and PPO genes
and PPO activity, resulting in enhanced performance of the conspecifics
(Lawrence et al. 2007, 2008; Chung & Felton 2011). The CPB larvae
used in these studies, which were collected from populations in the US,
possess symbiont bacteria in their oral secretion. The bacteria, including
Stenotrophomonas, Pseudomonas and Enterobacter species, were shown
to trigger SA accumulation as a pathogen response that suppresses the
JA-dependent induced defences against insects (Chung et al. 2013). Many
Pseudomonas and Enterobacter species were also isolated from a Turkish
CPB population, suggesting this is a global phenomenon (Muratoglu et al.
2011). Moreover, when the transcriptome of CPB collected from Italy and
Russia was sequenced and assembled (Kumar et al. 2014), most of the
remaining CPB-unrelated sequences matched to those from these three
bacterial genera (A. Grapputo, personal communications). It is therefore
very likely that the CPB used in our study, obtained from populations in
the Netherlands and Belgium, harbour similar symbiotic bacteria. Whether
they are specifically responsible for the induced SA accumulation in S.
dulcamara plants remains to be tested.

Drought enhances defence responses to BAW
The hormonal response to the generalist BAW was not substantially
affected by drought, possibly due to the strong effect of BAW herbivory
alone that already maximized the levels of signalling hormones in the
leaves. Nevertheless, drought, as predicted, enhanced the transcriptional
responses to BAW herbivory and facilitated the serine PI response. This
might be due to a synergistic effect caused by elevated ABA levels in
the drought-stressed plants. The drought-BAW herbivory synergism, as
described before in S. dulcamara (Nguyen et al. 2016), may maximize
the protection of increasingly valuable leaf tissues of drought-stressed
plants from herbivores. In other species, the production of insect defences
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also requires ABA signalling (Dinh et al. 2013). On the other hand, a
lack of increased ABA accumulation under drought was associated with
insect preference for drought-stressed plants over well-watered ones
(Weldegergis et al. 2015).

Interactions between drought and CPB herbivory responses
benefits the herbivore
In contrast to BAW, hormonal responses to the specialist CPB strongly
interacted with the drought response, as illustrated by the increase of CPBinduced accumulation of JA, JA-Ile and SA and the suppression of CPBinduced ET emission under drought. At the transcriptional level, however,
CPB herbivory less prominently induced transcriptional responses in
drought-stressed plants compared to BAW. For example, CPB herbivory led
to a weaker upregulation of responses related to cell wall remodelling and
carbohydrate metabolism in drought-stressed plants than BAW herbivory.
These responses may be important for the acquisition of resources
necessary to mount defences against pathogens and insect herbivores
(Malinovsky et al. 2014; Ferrieri et al. 2015). Moreover, an increase in
cell wall components, such as cellulose and lignin, is strongly linked with
reduced palatability of plant tissues to herbivores (Santiago et al. 2013).
Suppression of responses like cell wall remodelling when CPB herbivory
occurs on plants under drought, therefore, might benefit the herbivore.
The weaker transcriptional responses to CPB than to BAW under drought
coincided with the CPB-specific induction of SA and CPB-specific
suppression of ET in drought-stressed plants. The SA-regulated suppression
of plant induced defences, as discussed above, thus may be amplified
under drought. On the other hand, the ET effect may also be relevant since
ET signalling promotes several plant defences against insects (Ankala et
al. 2009; Onkokesung et al. 2010a). It is intriguing to see how drought
suppressed the CPB-induced ET emissions. One explanation might come
from the inhibitory effects of ABA or SA signalling on ET biosynthesis
(Sharp & LeNoble 2002; Ding & Wang 2003; Vahala et al. 2003; LeNoble
et al. 2004). ET emissions in S. dulcamara, however, were not significantly
affected by drought or CPB herbivory individually, which induced the
accumulation of ABA or SA, respectively. The suppression of ET emission,
therefore, might be a result of the synergism between ABA and SA signalling
under the specific treatment combination of drought and CPB herbivory.
Furthermore, drought increased the differences between plant
transcrip-tional responses to herbivory by CPB and BAW. Unlike the
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specific response to BAW that was further enriched with genes involved
in the aforesaid potential defences against herbivores in drought-stressed
plants, the specific response to CPB under drought was not enriched with
any of the typical defences. Instead, several genes annotated as pathogenresponsive were among the top upregulated genes specifically induced
by CPB herbivory on drought-stressed plants. In addition, a large group
of genes encoding ribosomal proteins or proteins involved in translation
were upregulated by CPB herbivory in these plants. On the other hand,
the response to drought of plants infested by CPB was also stronger than
those infested by BAW, illustrated by the enhanced expression of many
genes involved in chlorophyll biosynthesis and photosynthetic processes.
These responses might divert resources of drought-stressed plants
away from producing defences against CPB as well as increase the nondefensive component of the total protein pools of drought-stressed leaves.
They, therefore, might be responsible for the better performance of CPB
on drought-stressed plants compared to BAW as well as compared to the
performance of the conspecifics on well-watered plants.

PI response is enhanced by drought, but does not decrease
CPB performance
Drought increased the serine PI content in S. dulcamara plants, which
was further enhanced by CPB herbivory, in contradiction with the SAdependent suppression of several JA-responsive PI genes upon CPB
herbivory in tomato and potato (Lawrence et al. 2007, 2008; Chung &
Felton 2011; Chung et al. 2013). In our study, the herbivore-induced PI
gene response did not result in increased serine PI content in well-watered
plants, but did in drought-stressed plants. This suggests that the droughtinduced PI response prior to herbivory prompts the plants for a faster
PI production upon herbivory. One candidate causing this interaction is
an enhanced ABA signalling in drought-stressed plants, which is also
induced by CPB and known to enhance expression of PI genes, and
might be dominant over the suppressive effect of SA on several PI genes
(Peña-Cortés et al. 1995; Carrera & Prat 1998; Chapter 2). Furthermore,
the lack of increased ET emission in the combined drought and CPB
herbivory condition indicates that plants might prioritize defences
production via the JA-dependent pathway co-regulated by ABA over the
one co-regulated by ET. This may explain the higher serine PI content
of drought-stressed plants upon CPB herbivory compared to that upon
BAW herbivory.
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The better performance of CPB larvae on drought-stressed plants compared
to those on well-watered ones suggests that the PI response, and other
defence responses induced by drought, are not as effective against CPB
as against BAW. Both CPB and BAW are known to be able to compensate
for the inhibited gut proteolytic activity by plant PIs by producing other
insensitive proteases (Bolter & Jongsma 1995; Jongsma et al. 1995; Lara
et al. 2000; Brunelle et al. 2004). Nevertheless, specialist herbivores
are more adaptive to plant defence responses than generalist herbivores
(Govind et al. 2010; Ali & Agrawal 2012; Petek et al. 2012). Particularly,
CPB larval growth was much less affected by the wound/JA-induced PIs
in potato compared to BAW (Ortego et al. 2001). The tolerance of CPB
to plant defences, consequently, might allow them to benefit from the
enriched protein pool of S. dulcamara leaves under drought stress.
In conclusion, we demonstrated that S. dulcamara plants deploy
differential hormonal and transcriptomic responses to herbivory by CPB
and BAW, which can distinctly interact with plant responses to drought.
CPB herbivory triggers less pronounced responses compared to BAW,
owing to its specific induction of SA accumulation. Under drought stress, S.
dulcamara plants further enhance defence responses and gain resistance
to the generalist BAW. On the other hand, when plants are under drought
and herbivory by the specialist CPB the hormonal interactions divert their
resources toward responses to adapt to drought and defence-related
responses that may not be effective against CPB. This suggests that a more
specialised interaction between Solanum species and the specialist CPB,
compared to the generalist BAW, is conserved in S. dulcamara, which may
benefit the specialist when the plant is under drought stress. Our study
provides valuable insights to understand the molecular interactions that
shape the relationships between plants and different insect herbivores in
their natural environments.
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Figure S1. Levels of herbivory damage of leaf samples used for microarray analysis and
measurements of hormone concentrations and protease inhibitor contents. Spodoptera exigua
(BAW, grey bars) and Leptinotarsa decemlineata (CPB, black bars) larvae were fed for 48 h on
Solanum dulcamara plants under well-watered (control) or drought treatments. Error bars are
SEM; n = 9 per treatment combination.

Table S1. Univariate test for effects of water treatments (well-watered and drought) and herbivory
treatments (no herbivory or 48-h herbivory by Spodoptera exigua or Leptinotarsa decemlineata)
on concentrations of jasmonic acid (JA), JA-isoleucine (JA-Ile), abscisic acid (ABA) and salicylic acid
(SA) in Solanum dulcamara. Degree of freedom (df) and F values were presented. * p < 0.05; **
p < 0.01; *** p < 0.001. Bold numbers indicate significance.
Source

df

JA

JA-Ile

ABA

SA

F

F

F

F

Water

1

4.1 *

Herbivory

2

101.5 ***

96.0 ***

10.6 ***

Water * Herbivory

2

3.5 *

4.6 *

6.7 **

2.2

58.0 ***

0.0
12.4 ***
1.5
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Table S2. Overrepresentation of gene ontology (GO) terms among genes that were always induced
by insect herbivory on Solanum dulcamara. Fisher’s exact tests were used with FDR q value cut-off
at 0.05. GO categories (Cat.): Molecular Function (F), Biological Process (P), Cellular Component (C).
GO-ID

Term description

Cat.

q value

#Gene

15 top GO terms enriched in upregulated genes
GO:0004866

endopeptidase inhibitor activity

F

1.23E-08

10

GO:0009505

plant-type cell wall

C

1.81E-05

24

GO:0009611

response to wounding

P

8.29E-05

32

GO:0048046

apoplast

C

1.11E-04

24

GO:0009695

jasmonic acid biosynthetic process

P

1.49E-04

15

GO:0009605

response to external stimulus

P

3.27E-04

73

GO:0019373

epoxygenase P450 pathway

P

4.11E-04

3

GO:0047987

hydroperoxide dehydratase activity

F

4.11E-04

3

GO:0009269

response to desiccation

P

9.42E-04

9

GO:0009753

response to jasmonic acid

P

1.47E-03

28

GO:0009698

phenylpropanoid metabolic process

P

2.70E-03

18

GO:0009978

allene oxide synthase activity

F

2.71E-03

3

GO:0044550

secondary metabolite biosynthetic process

P

7.18E-03

22

GO:0000326

protein storage vacuole

C

7.20E-03

5

GO:0042807

central vacuole

C

8.95E-03

4

15 top GO terms enriched in downregulated genes
GO:0009644

response to high light intensity

P

8.46E-31

35

GO:0042542

response to hydrogen peroxide

P

5.47E-30

34

GO:0010286

heat acclimation

P

1.69E-16

20

GO:0051082

unfolded protein binding

F

7.61E-16

17

GO:0034976

response to endoplasmic reticulum stress

P

4.52E-14

27

GO:0042026

protein refolding

P

9.17E-08

7

GO:0001671

ATPase activator activity

F

1.34E-07

5

GO:0032781

positive regulation of ATPase activity

P

1.34E-07

5

GO:0006986

response to unfolded protein

P

4.81E-07

16

GO:0031072

heat shock protein binding

F

5.32E-07

10

GO:0051087

chaperone binding

F

1.06E-06

7

GO:0045109

intermediate filament organization

P

3.39E-06

4

GO:0005730

nucleolus

C

2.36E-05

24

GO:0005783

endoplasmic reticulum

C

4.49E-05

21

GO:0005782

peroxisomal matrix

C

1.09E-04

5
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Table S3. Univariate test for effects of water treatments (well-watered and drought) and herbivory
treatments (no herbivory or 48-h herbivory by Spodoptera exigua or Leptinotarsa decemlineata)
on serine-type protease inhibitor (serPI) and leaf total protein contents in Solanum dulcamara.
Degrees of freedom (df) and F values are presented. * p < 0.05; *** p < 0.001. Bold numbers
indicate significance.
df

serPI

Protein

F

F

Water

1

73.315 ***

Herbivory

2

4.517 *

0.158

Water * Herbivory

2

1.137

0.499

5.605 *

4

Table S4A. Overrepresentation of gene ontology (GO) terms among the genes that were specifically
induced by Spodoptera exigua (BAW) herbivory on Solanum dulcamara plants under well-watered
or drought treatments. Fisher’s exact tests were used with FDR q value cut-off at 0.05. GO
categories (Cat.): Molecular Function (F), Biological Process (P) and Cellular Component (C).
GO-ID

Term description

Cat.

q value

# Gene

GO terms enriched in BAW-upregulated genes specific to control condition
GO:0009607

response to biotic stimulus

P

3.46E-03

71

GO:0030397

membrane disassembly

P

3.46E-03

4

GO:0009414

response to water deprivation

P

3.46E-03

35

GO:0051707

response to other organism

P

3.46E-03

69

GO:0005976

polysaccharide metabolic process

P

3.46E-03

44

GO:0005985

sucrose metabolic process

P

5.49E-03

17

GO:0009505

plant-type cell wall

C

1.66E-02

21

GO:0048509

regulation of meristem development

P

2.16E-02

22

GO:0016165

linoleate 13S-lipoxygenase activity

F

2.16E-02

4

GO:0005576

extracellular region

C

2.79E-02

29

GO:0009695

jasmonic acid biosynthetic process

P

2.97E-02

13

GO:0071669

plant-type cell wall organization or biogenesis

P

2.97E-02

30

GO:0071555

cell wall organization

P

4.81E-02

33

15 top GO terms enriched in BAW-upregulated genes overlapping between control and drought treatments
GO:0045229

external encapsulating structure organization

P

2.06E-06

45

GO:0009505

plant-type cell wall

C

2.06E-06

27

GO:0042546

cell wall biogenesis

P

1.69E-05

29

GO:0010054

trichoblast differentiation

3.83E-05

30

P
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Table S4A. Continued
GO:0051753

mannan synthase activity

F

4.74E-05

5

GO:0009506

plasmodesma

C

4.90E-05

55

GO:0005886

plasma membrane

C

1.81E-04

80

GO:0030244

cellulose biosynthetic process

P

2.19E-04

13

GO:0016760

cellulose synthase (UDP-forming) activity

F

3.54E-04

6

GO:0005985

sucrose metabolic process

P

4.27E-04

17

GO:0006011

UDP-glucose metabolic process

P

8.64E-04

6

GO:0048046

apoplast

C

8.66E-04

23

GO:0005802

trans-Golgi network

C

1.03E-03

13

GO:0052546

cell wall pectin metabolic process

P

1.73E-03

10

GO:0042545

cell wall modification

P

1.97E-03

22

C

2.94E-02

44

mRNA modification

P

1.59E-03

13

GO terms enriched in BAW-upregulated genes specific to drought treatment
GO:0005783

endoplasmic reticulum

GO terms enriched in BAW-downregulated genes specific to control condition
GO:0016556
GO:0042793

transcription from plastid promoter

P

1.51E-02

8

GO:0009507

chloroplast

C

4.73E-02

61

GO:0009902

chloroplast relocation

P

4.73E-02

10

GO:0019288

isopentenyl diphosphate biosynthetic process, non-MVA pathway

P

4.73E-02

13

GO:0006098

pentose-phosphate shunt

P

4.73E-02

12

GO:1903792

negative regulation of anion transport

P

4.73E-02

4

GO:0010362

negative regulation of anion channel activity by blue light

P

4.73E-02

4

GO terms enriched in BAW-downregulated genes overlapping between control and drought treatments
GO:0016556

mRNA modification

P

2.03E-03

9

GO:0044434

chloroplast part

C

5.97E-03

26

GO:0019684

photosynthesis, light reaction

P

6.37E-03

12

GO:0000959

mitochondrial RNA metabolic process

P

4.20E-02

5

GO:0031425

chloroplast RNA processing

P

4.20E-02

5

GO:0009311

oligosaccharide metabolic process

P

4.86E-02

12

GO terms enriched in BAW-downregulated genes specific to drought treatment
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Table S4B. Overrepresentation of gene ontology (GO) terms among the genes that were specifically
induced by Leptinotarsa decemlineata (CPB) herbivory on Solanum dulcamara plants under wellwatered (control) or drought treatments. Fisher’s exact tests were used with FDR q value cut-off
at 0.05. GO categories (Cat.): Molecular Function (F), Biological Process (P) and Cellular
Component (C).
GO-ID

Term description

Cat.

q value

# Gene

GO terms enriched in CPB-upregulated genes specific to control condition
GO terms enriched in CPB-downregulated genes overlapping between control and drought treatments
GO terms enriched in CPB-upregulated genes specific to drought treatment
GO:0006614

SRP-dependent cotranslational protein targeting to membrane

P

5.43E-28

25

GO:0006415

translational termination

P

9.99E-28

25

GO:0019083

viral transcription

P

1.07E-27

25

GO:0006414

translational elongation

P

5.17E-27

25

GO:0000184

nuclear-transcribed mRNA catabolic process, nonsense-mediated decay

P

2.23E-26

25

GO:0044391

ribosomal subunit

C

3.67E-25

27

GO:0003735

structural constituent of ribosome

F

3.33E-24

27

GO:0006413

translational initiation

P

4.03E-23

25

GO:0022625

cytosolic large ribosomal subunit

C

1.31E-22

21

GO:0001510

RNA methylation

P

8.32E-19

22

GO:0003723

RNA binding

F

2.79E-05

20

GO:0022627

cytosolic small ribosomal subunit

C

3.82E-04

6

GO:0005730

nucleolus

C

5.17E-04

22

GO:0005794

Golgi apparatus

C

9.12E-04

25

GO:0015808

L-alanine transport

P

2.49E-03

2

GO:0015180

L-alanine transmembrane transporter activity

F

2.49E-03

2

GO:0015812

gamma-aminobutyric acid transport

P

7.04E-03

2

GO:0015185

gamma-aminobutyric acid transmembrane transporter activity

F

7.04E-03

2

GO:0000028

ribosomal small subunit assembly

P

8.72E-03

3

GO:0016020

membrane

C

3.19E-02

51

GO terms enriched in CPB-downregulated genes specific to control condition
GO terms enriched in CPB-downregulated genes overlapping between control and drought treatments
GO terms enriched in CPB-downregulated genes specific to drought treatment
GO:0010378

temperature compensation of circadian clock

P

1.01E-03

3

GO:0048578

positive regulation of long-day photoperiodism, flowering

P

1.05E-02

3
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Table S5. The top 10 genes specifically induced by Spodoptera exigua (BAW) or Leptinotarsa
decemlineata (CPB) in drought-stressed Solanum dulcamara plants.
Gene number

Description

10 genes most upregulated by BAW specifically under drought
comp4199_c0_seq1

Cysteine protease inhibitor 8

comp13011_c0_seq2

Sesquiterpene synthase 1

comp29348_c0_seq1

Lipid transfer protein

comp26311_c0_seq1

ABC transporter G family member 14

comp26586_c0_seq1

Limonene synthase

comp25136_c0_seq1

Legumin 11S-globulin

comp5470_c0_seq1

Peroxidase

comp11400_c0_seq1

Multidrug resistance protein mdtK

comp13940_c0_seq1

Pectate lyase

comp11103_c0_seq1

DNA polymerase

10 genes most downregulated by BAW specifically under drought
comp17359_c0_seq1

Protein with unknown function

comp904_c0_seq1

Microtubule-associated protein futsch

comp20050_c0_seq1

Phloem protein

comp22520_c0_seq1

SKP1-like protein

comp12519_c0_seq1

Homeobox-leucine zipper protein

comp13007_c0_seq1

Heat shock protein 1

comp20351_c0_seq1

Cotton fiber expressed protein 1

comp5436_c1_seq1

Early nodulin 75 protein

comp23666_c0_seq1

Acetyl esterase

comp16023_c0_seq1

Protein with unknown function

10 genes most upregulated by CPB specifically under drought
comp15794_c0_seq1

Protein with unknown function

comp572_c0_seq1

Osmotin-like protein

comp15807_c0_seq1

Patatin-like protein 3

comp20396_c0_seq1

Alternative oxidase

comp2990_c0_seq1

Universal stress protein

comp10454_c0_seq1

Tropinone reductase I

comp4593_c0_seq1

N-acetyltransferase

comp469_c0_seq1

Blue copper protein

comp19640_c0_seq1

Kunitz trypsin inhibitor

comp4880_c0_seq1

Protein with unknown function
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Table S5. Continued
10 genes most downregulated by CPB specifically under drought
comp21048_c0_seq1

Protein with unknown function

comp24351_c0_seq1

Protein with unknown function

comp23146_c0_seq1

Carotenoid cleavage dioxygenase

comp2675_c0_seq2

Squamosa promoter binding-like protein

comp19061_c0_seq1

BZIP transcription factor family protein

comp1493_c0_seq1

Pathogenesis-related protein PR-1

comp25443_c0_seq1

Protein with unknown function

comp21508_c0_seq1

Protein with unknown function

comp28418_c0_seq1

Non-LTR retroelement reverse transcriptase

comp959_c0_seq1

Polygalacturonase

4

Table S6. Overrepresentation of gene ontology (GO) terms among the genes that were consistently
induced by drought and specifically in a 2x2 treatment combinations with Leptinotarsa
decemlineata herbivory on Solanum dulcamara plants. Fisher’s exact tests were used with FDR
q value cut-off at 0.05. GO categories (Cat.): Molecular Function (F), Biological Process (P) and
Cellular Component (C).
GO-ID

Term description

Cat.

q value

# Gene

GO terms enriched in upregulated genes
GO:0009570

chloroplast stroma

C

7.38E-07

24

GO:0019288

isopentenyl diphosphate biosynthetic process, methylerythritol 4-phosphate pathway

P

9.06E-04

11

GO:0009941

chloroplast envelope

C

1.10E-03

20

GO:0009535

chloroplast thylakoid membrane

C

1.43E-03

13

GO:0009657

plastid organization

P

1.20E-02

15

GO:0009767

photosynthetic electron transport chain

P

2.80E-02

6

GO:0015995

chlorophyll biosynthetic process

P

3.44E-02

8

GO:0043229

intracellular organelle

C

3.64E-02

65

GO:0009234

menaquinone biosynthetic process

P

3.64E-02

2

GO:0042254

ribosome biogenesis

P

4.35E-02

12

GO:0044422

organelle part

C

4.53E-02

47

GO terms enriched in downregulated genes
GO:1901701

cellular response to oxygen-containing compounds

P

7.79E-05

22

GO:0071229

cellular response to acid chemical

P

1.13E-04

19
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GO:0080181

lateral root branching

P

1.56E-04

3

GO:0015398

high-affinity secondary active ammonium transmembrane transporter activity

F

2.59E-04

3

GO:0010311

lateral root formation

P

2.93E-03

5

GO:0009751

response to salicylic acid

P

2.93E-03

13

GO:0072488

ammonium transmembrane transport

P

3.73E-03

3

GO:0015843

methylammonium transport

P

4.71E-03

3

GO:0098542

defence response to other organism

P

9.22E-03

18

GO:0001666

response to hypoxia

P

2.61E-02

6

GO:0031347

regulation of defence response

P

3.20E-02

13

GO:0009954

proximal/distal pattern formation

P

3.28E-02

3

GO:0033554

cellular response to stress
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ABSTRACT
Since biotic and abiotic factors can affect plant growth and defensive
traits against herbivores, distinct environmental conditions between
coastal and inland regions may differentially shape plant growth and
defence responses. So far, little evidence was found on the effects of
different geographic regions and their interactions with stresses on
protease inhibitor (PI) response as plant defence. To examine this, we
used Solanum dulcamara plants collected from populations in coastal
and inland regions in The Netherlands and measured their growth and
serine-type PI (serPI) levels under well-watered conditions and in response
to drought and herbivory by Leptinotarsa decemlineata (Colorado potato
beetle, CPB). The results showed that the plants collected from the coastal
region grew smaller and had higher constitutive serPI levels and stronger
inducibility of serPI by drought and CPB herbivory than the inland plants.
This was correlated with a better performance of CPB larvae on the
inland plants only under well-watered conditions. Our results support the
hypothesis that increasing defence-related traits like PIs that also function
in responses to abiotic stresses, although costly, might be adaptive to
plant populations growing in the coastal habitat which are prone to these
stresses. Therefore, different selection pressures in distinct geographic
regions may lead to the evolution of distinct plant defence strategies to
herbivores, which may be differentially affected by environmental stresses.
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INTRODUCTION
Plant-insect interactions and their outcome are species-specific as well
as dependent on the abiotic environment. Host resistance to herbivores
is a result of the combined effectiveness of various physical and chemical
defence responses, which can be constitutively expressed or induced in the
presence of herbivores (Wittstock & Gershenzon 2002; Howe & Schaller
2008). The production of these defensive traits, similarly to growthrelated phenotypic traits, are influenced by environmental conditions.
Furthermore, consistent selection pressures can generate differences in
evolutionary trajectory of defensive strategies, resulting in locally adapted
ecotypes (Fornoni et al. 2004; Lankau et al. 2007; Agrawal 2011; Garrido
et al. 2012). Current predictions are that frequency and extent of extreme
weather, such as drought and insect herbivory, may increase due to
climate change (Robinet & Roques 2010; IPCC 2013). These stresses are
expected to affect the expression of plant adapted defensive strategies;
how it occurs, however, is not well understood.
Geographic variation can differentiate the production of plant defences
against insect herbivores. Genetically-based latitudinal clines in plant
performance and insect resistance were observed in Oenothera biennis
populations growing over an extensive latitudinal range. The populations
at lower latitudes experience a warmer climate and longer growing
seasons and therefore are likely subjected to higher herbivory pressures.
Consequently, these populations express higher levels of defensive
phenolics and stronger resistance to multiple generalist and specialist
insects (Johnson & Rasmann 2011; Anstett et al. 2015). Arabidopsis
thaliana plants from dune habitats, on the other hand, expressed higher
glucosinolate (GS) contents than inland plants (Arany et al. 2008). It
was postulated that this variation is due to adaptation to distinct abiotic
conditions and insect communities at the sites that the populations
originate from.
Plant growth and defence strategies against insect herbivores are also
influenced by abiotic stresses, such as drought, heat or elevated CO2, that
a plant has to endure during its lifetime (Huberty and Denno 2004; Erb
et al. 2011; DeLucia et al. 2012). Drought predominantly reduces plant
growth (Skirycz & Inzé 2010), but has variable effects on different types
of defence-related compounds. Whereas drought reduces GS contents
of B. oleracea plants and Alliaria petiolata populations from different
habitats (Khan et al. 2010; Gutbrodt et al. 2011), it enhances levels of
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protease inhibitors (PI), enzymes that can inhibit insect protease activities,
in tomato (Solanum lycopersicum) and potato plants (S. tuberosum)
(English-Loeb et al. 1997; Kang et al. 2002). PI production under normal
growth conditions is correlated with ecological costs especially in terms
of reduced potential to compete with plants lacking PIs (Glawe et al.
2003). Interestingly, using Solanum dulcamara plants, we were able to
demonstrate that both drought stress and insect herbivory significantly
enhance serine-type PI (serPI) levels (Chapter 2 & 4). An increase in PI
production under drought, in which plant resources are limited, may thus
be even costlier. This aggravated cost might be balanced by the benefits
of enhanced PI activities, which, next to enhancing insect resistance, also
leads to delayed leaf senescence and consequently improved drought
tolerance (Huang et al. 2007; Zhang et al. 2008; Dramé et al. 2013; DíazMendoza et al. 2014; Kidrič et al. 2014). Therefore, induced defences
against insect herbivores that also alleviate the negative effects of drought
may be advantageous in populations frequently exposed to water deficit.
So far, little evidence has been found on the effects of types of habitat
from which plant populations originate on PI levels. Constitutive and droughtinduced serPI levels differed only slightly, but not significantly, between
plants originating from populations growing in dry or wet habitats spread
along the coast of The Netherlands (Chapter 3). However, both drought
and herbivory significantly induced serPI levels of plants from one single
dry coastal population (Goeree; Chapter 2, 3 & 4). Moreover, in the course
of our studies, we noticed that there may be differences in (herbivoreinduced) insect resistance between plant populations originating from
coastal and inland regions, independent from whether their habitat was
qualified as wet or dry. This raises the question whether geographic region,
rather than habitat conditions, is determining the PI response to insects
and drought stress. Knowledge on these interactions and their effects
on plant resistance to insect herbivores so far is limited. In the current
study, we used seeds originating from six S. dulcamara populations,
sampling three populations each from the coastal and inland regions in
The Netherlands (Fig. 1), to investigate the effect of geographic region on
the plant serPI response to drought stress and insect resistance. For each
geographic region, populations originating from both dry and wet habitats
were used. Plant growth parameters, serPI and total protein contents in
leaves and performance of Colorado potato beetles (CPB, Leptinotarsa
decemlineata) on these plants were measured to answer the following
research questions: (1) Are there differences in growth parameters and
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Figure 1. Locations of the populations in which Solanum dulcamara seeds were collected in The
Netherlands. Filled dots: populations from the coastal region; empty dots: populations from the
inland region. Habitat types (dry or wet) between brackets.

Texel (wet)

Friesland (wet)

Callantsoog (dry)

Goeree (dry)

Ooijpolder (wet)

5

Limburg (dry)

constitutive serPI levels between populations from different regions under
well-watered conditions? (2) If drought and CPB herbivory increase serPI
levels of these populations as observed for Goerre before, does the region
of origin affect the stress inducibility of serPI response? (3) Do differences
in PI levels negatively correlate with the performance of CPB? Overall,
this study provides insight into how plant-insect interactions in their local
environment are affected when drought stress occurs, which is especially
valuable in the context of climate change, which is generally postulated to
lead to an increased likelihood of drought spells.

MATERIALS AND METHODS
Plant populations

Seeds of S. dulcamara plants collected from six locations were used in this
study: three populations are situated along the coast (Texel, Callantsoog
and Goeree) and the other three are inland (Friesland, Ooijpolder and
Limburg) of The Netherlands (Fig. 1). At each region, coastal or inland,
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seeds from plants growing for multiple generations in both dry (sand dunes
in Callantsoog and Goeree and dry soil in Limburg) or wet environments
(freshwater lake borders in Texel, Friesland and Ooijpolder) were included
to account for any effects of habitat type. Seedling establishment and
plant growth in greenhouse conditions were as described in Chapter 4.

Watering and herbivory treatments
Thirty-days-old plants were randomly assigned to normal watering (control,
well-watered every 2 – 3 days; n = 27 – 32 per population) or drought (n = 10
per population) treatments. Per population, seven well-watered plants were
designated to be tested for herbivore resistance (for details, see below). The
plants assigned to the drought treatment were withdrawn from watering at the
onset of the treatment. After five days into the drought treatment, at which
the lower leaves of all drought-treated plants showed wilting symptoms, each
drought-treated plant was supplied with 50 mL water. After seven days into
the watering treatments, the youngest fully expanded leaf was harvested for
control (n = 7 per population) and drought-treated (n = 10 per population)
plants. Furthermore, plant height was measured for control (n = 12 – 18 per
population) and drought-treated (n = 8 – 10 per population) plants.

Of the well-watered group, seven other plants per population were
subjected to herbivory by CPB larvae three days before the leaf harvest
(see above). The larvae were reared and prepared as described before
(Chapter 4). One young third-instar larva, weighing 8.3 ± 0.4 mg on
average, was confined to the youngest fully expanded leaf using a white
mesh bag and was allowed to feed for 48 h. After removing the larvae,
the damaged leaves remained on the plants for another 24 h until they
were harvested (n = 7 per population) simultaneously with the undamaged
plants under well-watered and drought treatments. All leaf samples were
fast-frozen in liquid nitrogen and then stored at -80ºC.
Thereafter, a new CPB larva, weighing 7.0 ± 0.6 mg on average, was
put on the leaf right above the harvested one of each undamaged, wellwatered (n = 15 – 18 per population) and drought-treated (n = 10 per
population) plant for feeding. After a 96-h feeding period, the larvae were
moved to the leaves right above to feed for another 48 h and their weights
were taken to determine their weight gain (mg per day). During this
performance assay, each drought-treated plant was supplied with 50 mL
water every day to maintain a moderate drought treatment, whereas the
control plants received ample water every day. After removing the larvae,
the shoots were harvested and oven-dried at 60oC for 48 h to determine
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their dry biomass (n = 10 per watering treatment). The experiment was
performed during May – June 2014.

Quantification of leaf total protein and serPI contents
Leaf total protein extraction, using 700 mL extraction buffer for
approximately 130 mg ground leaf material, was performed as described
in Chapter 3. Total protein content (µg mg-1 fresh weight (FW)) was
quantified using Bradford assays (Bradford 1976). Enzyme activity assays
for serPI content (µg g-1 FW) were adapted from Bode et al. (2013) as
described in Chapter 2. Three technical replicates were taken for each
sample. All assays were performed in an Infinite® 200 PRO plate reader
(Tecan, Männedorf, Switzerland).

Data analysis
Linear mixed models (type III sum of squares) were used to test the main
effects of region (coastal or inland), population nested within region,
treatment and their interactions. For plant height, shoot biomass and
CPB performance data, treatments consisted of well-watered (control) and
drought treatments. CPB performance data were log-natural-transformed
before analysis to meet assumptions of normality and homoscedasticity of
variances. For serPI and protein content data were analysed in a second
linear mixed model whereby the treatments consisted of control watering
condition, drought treatment and herbivory by CPB. Region effect per
treatment and treatment effect per region were assessed by pairwise
comparisons (or ANOVAs in case of serPI and protein data) following the
mixed models. Least Significant Difference (LSD) was used as adjustment
for multiple comparisons. CPB growth data were correlated with serPI
levels in their host plant using Pearson correlation test. All analyses were
performed in SPSS v. 21 (IBM, New York, USA).

RESULTS

Differences in plant growth and the effect of drought
Plant growth in terms of plant height and shoot dry biomass differed
significantly among populations and regions (Table 1; Fig. 2). Plants from
the inland region were significantly taller and had a higher shoot biomass
than plants from the coast under control as well as drought treatment.
Drought treatment had significant negative effects on plant growth, both
height and biomass, regardless of the plant origin (no region*treatment
interaction). We also found a significant population*treatment interaction
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on shoot biomass, due to the fact that some populations (e.g. Texel)
responded stronger to drought than others (Fig. 2B).

Difference in serPI and protein contents and the effect of
drought and CPB herbivory
There were significant main effects of region and treatment on serPI
and protein contents in S. dulcamara plants (Table 2). Populations from
the coastal region had higher serPI levels than the ones from the inland
region, regardless of the treatments (Fig. 3A; no R*T interaction, Table 2).
On the other hand, plants from the coastal populations had higher protein
contents than the inland plants, but only when they were subjected to
drought stress (Fig. 3B, F(1, 123) = 6.507, p = 0.012). The drought and
herbivory treatments overall increased serPI, however, the effects were
significant for the coastal populations only (F(2, 123) = 3.423, p = 0.036).
While CPB herbivory or drought treatments had significant (p = 0.012) or
marginally significant (p = 0.073) effects, respectively, on serPI levels of
the coastal populations, the serPI levels of the inland populations were
not affected by biotic or abiotic stress factors. Similarly, drought treatment
significantly increased protein contents of the coastal populations only,
compared to the control watering condition. Of the populations, Goeree
was most responsive to the treatments. Its serPI and protein contents were
significantly affected by CPB herbivory (LSD pherbivory-control = 0.024)
and drought treatment (LSD pdrought-control = 0.043), respectively.

Difference in CPB performance and the effect of drought
There were no significant main effects of, or interactions between, region
and treatment on the performance of CPB larvae on these S. dulcamara
populations (Table 1). However, the pairwise comparisons under each
watering regime showed that CPB larvae performed significantly better on
the populations from the inland region compared with the ones from the
coastal region under the well-watered conditions, an effect that was not
observed when plants were subjected to drought treatment (Fig. 4). On the
other hand, drought treatment marginally significantly (p = 0.076) reduced
CPB performance on the inland populations only. Furthermore, there was
a significant negative correlation between CPB weight gain and serPI levels
in the inland plants under both watering treatments (Pearson r = 0.258, n
= 60, p = 0.047).
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Table 1. Results of the linear mixed models to analyse the effects of region, population (nested in
region) and treatment on Solanum dulcamara plant growth (plant height and shoot dry biomass)
and performance of Leptinotarsa decemlineata (CPB) larvae. Treatments consisted of well-watered
and drought conditions. Degree of freedom (df), F values (bold indicates significant effects) and
levels of significance (indicated with stars: *, p < 0.05; ***, p < 0.001) are presented.

Source

df

Plant height

Shoot biomass

CPB

F

F

F

Region (R)

1

15.31 ***

36.71 ***

0.70

Population(R) (P(R))

4

13.27 ***

9.55 ***

1.33

Treatment (T)

1

28.99 ***

244.79 ***

1.00

R*T

1

0.21

1.60

2.37

P(R) * T

4

1.27

2.59 *

0.23

5

(A)
Texel (wet)
Friesland (wet)

Callantsoog (dry)
Ooijpolder (wet)

Goeree (dry)
Limburg (dry)

A
Plant height (cm)

100

B

***
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growth. (A) Plant height after 7-day
drought or well-watered (control)
treatments. (B) Shoot dry biomass

*

80
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of
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4

p < 0.001.
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Table 2. Results of the linear mixed model to analyse the effects of region, population (nested in
region) and treatment on levels of serine-type protease inhibitors (serPI) and total protein in the
leaves of Solanum dulcamara plants. Treatments consisted of well-watered or drought conditions
and herbivory treatment by Leptinotarsa decemlineata larvae under the well-watered conditions.
Degree of freedom (df), F values (bold indicates significant effects) and levels of significance
(indicated with stars: *, p < 0.05; **, p < 0.01; ***, p < 0.001) are presented.

Source

df

SerPI

Protein

F

F

36.91 ***

4.08 *

Region (R)

1

Population (P(R))

4

1.68

3.71 **

Treatment (T)

2

4.57 *

5.70 **

R*T

2

0.46

1.40

P(R) * T

8

0.95

0.37

(A)

Texel (wet)
Friesland (wet)

Callantsoog (dry)
Ooijpolder (wet)

Goeree (dry)
Limburg (dry)

SerPI (µg g-1 FW)

150
120
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B

a

a

a
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***

A
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B
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*
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***
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Figure 3. Effects of region and

herbivory

drought

p < 0.001.
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Larval weight gain (mg day-1)

Texel (wet)
Friesland (wet)
15

Callantsoog (dry)
Ooijpolder (wet)

Goeree (dry)
Limburg (dry)

*

12
9
6
3
0

coastal

inland

control

coastal

inland

drought

Figure 4. Effects of region and treatment on the performance of Leptinotarsa decemlineata
larvae on Solanum dulcamara plants. Plants were under 7-day drought or well-watered (control)
treatments before a 6-day herbivory period. The significance of region effect under the control
condition is indicated: * p < 0.05.

DISCUSSION
Our study shows that S. dulcamara plants originating from the coastal
region grew smaller but had higher constitutive serPI levels than the ones
from the inland region in the Netherlands. Moreover, serPI levels in the
coastal plants were more inducible by CPB herbivory and drought stress
than that of the inland ones. This was associated with a better performance
of CPB larvae on inland populations only under the well-watered treatment.
These results support the hypothesis that geographic variation may lead
to different ecotypes as a result of local adaptation to biotic and abiotic
stresses in their environments (Santamaria et al. 2003; Li et al. 2014;
Kooyers et al. 2015). Plants growing along the coastline are indeed
prone to more severe abiotic stress factors, such as exposure to high
light intensity and salinity stress caused by sea salt aerosols, than those
growing in the inland region. Salinity stress results in water deficit for plant
growth and can, similar to high light intensity, cause photodamage to leaf
tissues due the accumulation of reactive oxygen species and lead to leaf
senescence stresses (Chaves et al. 2003; Griffiths & Orians 2004; Biswal
et al. 2012; Visser et al. 2016). Therefore, smaller plants with smaller
leaf size may be more adapted to the coastal environment since these
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traits may improve the plant water use efficiency and escape the effects
of osmotic stress and high irradiance. Furthermore, the lower growth rates
of coastal plants might result from a trade-off between the stronger serPI
response and growth, since PI production, constitutive or induced, is costly
in terms of plant growth and seed production (Glawe et al. 2003; Zavala et
al. 2004a). The benefits of increased PI production, however, can surpass
those costs when plants are attacked by insect herbivores as plants with
higher PI concentration may suffer less herbivory (Zavala & Bladwin 2004).
Besides their well-known function in plant defence against herbivores
(Bolter & Jongsma 1997; Zavala et al. 2004b), PIs are also involved in
nutrient remobilization and the inhibition of programmed cell death (Avice
& Etienne 2014; Boex-Fontvieille et al. 2015). Moreover, several PIs have
been identified to form PI-chlorophyll complexes to protect chlorophyll
against degradation induced by abiotic stresses (Horigome et al. 2007;
Desclos et al. 2008). Increased PI activity upon abiotic stresses may
thus prolong leaf life span, sustain plant sink growth and improve plant
survival in their harsh environments. Our speculation is supported by
the fact that serPI response of the coastal plants was also induced by
drought, which can trigger plant responses that overlap those to salinity
since both of them cause osmotic and oxidative stress to the plant cells
(Jakab et al. 2005; Chaves et al. 2009). Indeed, it has been found that PIs
contribute similarly to plant tolerance to both drought and salinity stress
(Huang et al. 2007; Zhang et al. 2008). Our results thus illustrate the
differentiation in the defensive serPI response between coastal and inland
populations, which might be generated due to the involvement of PI in
stress tolerance of plants from the coastal region. The benefits of PI might
exceed their costs when plants are in their natural harsh environment,
such as the coastal line that is prone to more stresses. On the other
hand, there were no differences in serPI response and insect resistance
between the dry and wet populations (data not shown), which accentuates
the effects of the environmental factors that differentiate the coastal and
inland regions.
Furthermore, the difference in serPI response between the plants
from coastal and inland regions might result from different herbivore
communities and selection pressures at the region of origin (Lankau et
al. 2007; Fortuna et al. 2014; Anstett et al. 2015). Several specialist
weevil species were identified as major insect herbivores on A. thaliana
populations in coastal dunes in The Netherlands. On the other hand,
inland populations were hardly damaged by these weevils but infested
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by aphids and little leaf herbivory. It was suggested that the selection
pressure exerted by the weevils has resulted in A. thaliana dune plants with
higher glucosinolate contents and stronger resistance to the generalist
Spodoptera exigua than the inland plants. (Arany et al. 2005, 2008). S.
dulcamara supports a diverse community of insect herbivores that is welldescribed for The Netherlands (Calf & van Dam 2012). However, it is as yet
not known how herbivore pressure differs between S. dulcamara coastal
and inland populations.
However, the performance of CPB larvae on the drought-stressed
coastal plants was not different from those on the well-watered plants
despite the drought-increased serPI levels, corresponding to our previously
result for a population collected in Goeree (Chapter 4). The result might
be attributed to the fact that CPB, as a specialist herbivore, can tolerate
plant defences to some extent. Moreover, CPB larvae may benefit from
the increased total leaf protein contents in drought-stressed plants, which
compensates for the anti-digestive effect of PI (Ortego et al. 2001; Govind
et al. 2010; Ali & Agrawal, 2012; Petek et al. 2012). This might explain
why there was no negative correlation between CPB weight gain and serPI
levels in the coastal plants under well-watered and drought treatments.
In the inland plants, on the other hand, the net effect of drought-induced
defences on insect performance might be higher since drought did not
increase leaf protein content (Chapter 2; Chapter 4). This indicates that
the diverse effects of drought on plants adapted to different regions may
abolish the differentiation in plant defence strategies and resistance to
insect herbivores.
In conclusion, our study shows that environmental differences between
coastal and inland populations affected plant growth and constitutive and
stress-induced PI response in S. dulcamara. Increasing defence-related
traits like PI which also function in responses to abiotic stresses might be
adaptive in plant populations growing in habitats that are prone to these
stresses. On the other hand, enhanced resistance to biotic and abiotic
stress in S. dulcamara may come with a trade-off in terms of reduced plant
growth. Therefore, different selection pressures in local environments may
lead to the evolution of variable plant defence strategies to herbivores.
Furthermore, these defence strategies may be differently affected when
stresses occur in natural environment.
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General discussion

In ecological or agricultural systems, plants are prone to multiple stress
factors, such as drought, flooding and insect herbivory. Scientific efforts
have been made to understand the molecular mechanisms underlying
plant adaptive stress responses, which potentially facilitates the
improvement of agricultural production under adverse environments.
Interactions among hormonal signalling are key to fine-tune responses
to these stresses (Pieterse et al. 2012; De Vleesschauwer et al. 2014;
Kazan 2015). High-throughput approaches have been used to analyse
transcriptomic profiles of plants under different individual stresses,
or treated with hormones mimicking the genuine stresses (Barah et al.
2013; Lee & Choi 2013; Massa et al. 2013; Narsai et al. 2013; Appel et
al. 2014a,b; Sham et al. 2014). This knowledge has been used to predict
the outcomes of plant responses under multiple stresses, such as abiotic
stress and herbivory. However, signalling cascades may interact in nonadditive manners and evoke transcriptional responses that are unique or
unpredictable from the responses to single stresses (Atkinson & Urwin
2012; Atkinson et al. 2013; Rasmussen et al. 2013; Stam et al. 2014;
Suzuki et al. 2014). Although there have been several recent studies on
interactions of molecular responses to simultaneous abiotic stresses and
insect herbivory (Lu et al. 2015; Weldegergis et al. 2015; Davila Olivas
et al. 2016; Guo et al. 2016), a knowledge gap regarding the molecular
mechanisms underlying these interactions still exist.
The main objective of this thesis was to assess how plant responses to
drought and flooding interfere with herbivore-induced defence responses
and resistance to insect herbivores. Analyses were performed at hormonal
and transcriptomic levels in Solanum dulcamara to uncover the molecular
mechanisms underlying these interactions. Moreover, plant populations
collected from diverse habitats were used to investigate the effects of
long-term environmental differentiation on the evolution of adaptive
stress responses. The new insights from the thesis contribute to a
better understanding of how plants optimize their responses in complex
environments.

Hormonal responses to individual abiotic stresses
Hormone signalling and interactions in regulating plant responses to
different stresses have been well studied in many plant species. Most of
the studies, however, focused on one or only a few hormones at a time,
leaving the interaction with other hormonal signalling to speculation. The
work presented in this thesis explored simultaneously four plant hormones,
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jasmonic acid (JA), abscisic acid (ABA), salicylic acid (SA) and ethylene
(ET), thus providing valuable and more extensive insights into the role of
hormonal interaction in regulation of plant responses to the stresses.
Drought induced the accumulation of ABA, JA and SA in S. dulcamara
plants, supporting their roles in regulating plant responses to this stress
factor, such as stomatal movements and regulation of cellular oxidative
status (Hossain et al. 2011; Daszkowska-Golec and Szarejko 2013; Miura
et al. 2013; Ismail et al. 2015; Chapter 2 & 4). The strong induction
of ABA biosynthesis and the transcriptional regulation of several key
physiological processes, such as stomatal closure and photoinhibition,
by drought treatments in both experiments indicates that the treatments
were sufficient to cause a typical drought response. This is in line with
our hypotheses and assured the validity of our further examination
of the interaction between drought and insect herbivory. In Chapter
4, however, the effects of drought alone on JA and SA biosynthesis
induction were not statistically significant, indicating that differences
in drought transcriptional responses might occur. This was illustrated
by the response of several photosynthesis-related processes, such as
chlorophyll biosynthesis, which was repressed by drought in Chapter 2
but induced by it in Chapter 4. Although plants were grown in the same
greenhouse, conditions might be different between the two experiments.
While greenhouse temperature could be modulated at approximately 23ºC
during autumn months (September to October in 2012) in Chapter 2, the
average day-time temperature reached to 28oC during spring months (April
to May in 2014) in Chapter 4. Secondly, plants received more natural light
in spring days than autumn days. Both temperature and light conditions
have been shown to affect how plant physiological processes, especially
photosynthesis, respond to other abiotic stresses (van Zanten et al. 2012;
Rasmussen et al. 2013; Suzuki et al. 2014).
Similar to drought, flooding induced the accumulation of ABA and
SA in S. dulcamara plants, which corresponded with a substantial
suppression of plant primary and secondary metabolism (Chapter 2).
This also suggests that ABA and SA signalling regulate plant physiological
responses to common cellular stresses caused by abiotic environmental
factors. On the other hand, JA signalling does not seem to be involved
in flooding responses, as observed in rice (Lu et al. 2015). In contrast
with the anticipated role of ET signalling in flooding response (Chen et al.
2010; Voesenek & Bailey-Serres 2015), we did not observe an increase
in ET emission from the youngest fully expanded leaves of S. dulcamara
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plants upon flooding (Chapter 2). An increase in ET levels in stem tissues
close to the water surface was detected and proved to be required for the
emergence of adventitious roots from flooded S. dulcamara as an adaptive
response (Dawood et al. 2016). Possibly this response is restricted to the
plant organs that are under or just over the water, as we did observe a
trend of increasing ET emission from the first leaf above the water level
(unpublished data). Since ET production under flooding is mostly attributed
to the oxidation of the ET precursor 1-aminocyclopropane-1-carboxylic acid
(ACC) that is transported upwards from flooded roots (English et al. 1995),
we speculate that ET might be emitted before reaching the leaves subjected
to our measurements. However, an indirect effect of ET signalling, via ACC
itself or ET-induced mobile signals translocated acropetally, from roots to
shoots, might still exist (Staswick & Tiryaki 2004; Vidoz et al. 2010).

Hormonal responses to insect herbivores
While JA signalling plays a central role in inducing plant defences against
insect herbivores, other hormones, such as ABA, ET and SA, are also
known to modulate these responses via interaction with JA signalling (Erb
et al. 2012; Pieterse et al. 2012). In our studies, herbivory by Spodoptera
exigua (beet armyworm, BAW) on S. dulcamara plants induced strong
accumulation of JA, ABA and ET (Chapter 2 & 4), supporting their roles in
regulating plant defence responses to insect herbivores (Erb et al. 2012;
Vos et al. 2013b; Rehrig et al. 2014). BAW herbivory, however, suppressed
SA accumulation in S. dulcamara in one case (Chapter 2) and did not
affect it in another (Chapter 4). These are in contrast to the response
of Nicotiana attenuata plants to the same insect. The glucose oxidase
activity in BAW oral secretion (OS) can elicit an SA burst and attenuate
JA and ET levels of N. attenuata plants (Diezel et al. 2009); apparently
it does not have the same effect on S. dulcamara. On the other hand,
herbivory by CPB on S. dulcamara induced the accumulation of JA, ABA,
ET as well as SA (Chapter 4). It was shown that symbiotic bacteria in the
beetle OS deployed during feeding can trigger SA response in tomato
plants (Solanum lycopersicum), which represses the herbivore-induced
JA accumulation and JA-responsive defences (Lawrence et al. 2007,
2008; Chung et al. 2013). CPB herbivory triggered lower JA and ABA
accumulation in S. dulcamara than BAW did, corroborated by a much less
vigorous transcriptional response, despite similar levels of leaf damage
(Chapter 4). However, whether JA biosynthesis is indeed repressed by
SA in S. dulcamara or whether there is a different reason for relatively
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low JA levels upon CPB herbivory needs to be further tested, since high
concentrations of both JA and SA were detected in the drought-stressed
plants upon CPB herbivory. Moreover, in other species the antagonistic
effect of SA on JA signalling was shown to be downstream of JA biosynthesis
(Leon-Reyes et al. 2010; van der Does et al. 2013; Zhang et al. 2013b).
Furthermore, the induction of ABA and ET accumulation upon CPB, which to
our knowledge has never been reported before, suggests the involvement
of additional hormones in regulating defences against the beetles. Future
studies on plant responses to CPB should consider the roles of ABA and ET,
also with respect to their interaction with JA and SA signalling cascades.
The differences in hormonal responses of S. dulcamara plants to the two
insect herbivores support the specificity of plant-insect interactions.

Regulation of herbivory responses under drought
ABA and JA signalling are crucial in regulating adaptive responses to
drought stress and defences against insect herbivores, respectively. Based
on the ABA-JA synergistic interaction in regulating plant defences (Chapter
1), I first predicted that in S. dulcamara the ABA signalling induced by
drought stress would result in enhanced defence response and insect
resistance of drought-stressed plants. The results presented in Chapter 2
and Chapter 4 support this prediction. Drought and herbivory, either by the
generalist BAW or the generalist CPB, both induced ABA and JA signalling.
Correspondingly, drought stress alone or in combination with insect
herbivory induced more and stronger transcriptional responses related to
defences against herbivores. This suggests that the interaction between
ABA and JA signalling is also important in regulating plant defences under
drought stress, illustrated by drought enhancement of protease inhibitors
(PI) and terpenoids (Chapter 2). The enhanced production of these defence
compounds may be a cost-effective strategy since they also function in
protecting photosynthetic tissues against drought stress (Horigome et al.
2007; Desclos et al. 2008). However, not all herbivore-induced responses
reacted the same way upon herbivory under drought, possibly because
ABA signalling can suppress several ET-mediated defence responses to
insects as well as pathogen defences (Anderson et al. 2004; Lackman et
al. 2011; Spence et al. 2015; Ulferts et al. 2015).
Furthermore, I hypothesized that the drought response had differential
effects on hormonal and transcriptional responses to herbivory by the
two insects. Our results support the involvement of other signalling
hormones, SA and ET, in fine-tuning plant responses to different insect
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herbivores under drought. Whereas drought enhanced SA accumulation
induced by CPB herbivory (Chapter 4), drought and BAW herbivory did not
interact regarding SA accumulation (Chapter 2 and Chapter 4). Although
herbivory by either BAW or CPB induced ET emission, drought stress
suppressed ET emission induced by CPB herbivory only. Correspondingly,
the transcriptional responses to the two insect herbivores were more
differentiated under drought stress (Chapter 4). While drought enhanced
plant responses to BAW, many of these responses, such as cell wall
remodelling and carbohydrate metabolism, were less strongly induced by
CPB herbivory on drought-stressed plants than by BAW. Moreover, several
responses that might not be effective against the beetles themselves, such
as genes related to pathogen response, to photosynthesis or encoding
ribosomal proteins, were induced more strongly upon beetle herbivory
under drought. Therefore, SA and ET signalling may play a more important
role in modulate plant responses to CPB under drought, which may allow
the plant to better fine-tune its responses to the multiple stresses at
hand. The involvement of more hormones, however, might as well provide
more possibilities for CPB to interfere with plant defence responses. The
induced SA signalling, whether due to the symbiotic bacteria in CPB OS or
not, may repress some of the plant defences (Thaler et al. 2012; Caarls
et al. 2015). Furthermore, the reduced ET emission of drought-stressed
plants upon herbivory, which might be a secondary effect of the high ABA
and SA concentrations in these plants, may result in lower levels of those
defences that are regulated by ET signalling (Ding & Wang 2003; Vahala et
al. 2003; LeNoble et al. 2004; von Dahl and Baldwin 2007; Onkokesung
et al. 2010a; Louis et al. 2015; Chapter 4). In potato plants (Solanum
tuberosum), Potato Virus Y infection caused an attenuation of ET but
not JA signalling. This correlated with lower transcript levels of several
genes related to anti-nutritional defences, including PI, and better CPB
performance on the infected potato plants (Petek et al. 2014). Our results
thus support a more specialised interaction between a Solanum species
and the specialist CPB than the generalist BAW (Ali & Agrawal 2012), which
might not benefit the plant resistance to the beetle (discussion followed
later).

Regulation of herbivory responses under flooding
Another hypothesis was that flooding would affect the defence responses
of S. dulcamara plants, due the interaction of flooding-induced ET
signalling with JA signalling. On the one hand, ET signalling, directly or via
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JA signalling, induces the expression of several plant defences against
insect herbivores (Onkokesung et al. 2010a ; Louis et al. 2015). On the
other hand, ET signalling reduces the expression of other defensive genes
that are co-regulated by JA and ABA signalling via suppression of the
transcription factor MYC2 (Bodenhausen and Reymond 2007; Song et al.
2014a). Our results indeed showed a suppression of many JA-dependent
defence responses at the transcriptional level in flooded S. dulcamara
plants. This resulted in their lower induction upon BAW herbivory in flooded
plants, compared to well-watered ones (Chapter 2). However, we did not
detect an increase in ET emission from the leaves of flooded plants before
they were subjected to herbivory. A direct involvement of ET in regulating
these defence-related responses thus cannot be confirmed. However,
an indirect effect of root-born ET or its precursor ACC on repressing JA
signalling cannot be ruled out neither, as discussed in the flooding
response. ACC can bind JA to form a conjugate that is less active than
JA-Isoleucine, and this competitive conjugation might be a mechanism
to regulate the interaction between ET and JA signalling (Staswick &
Tiryaki, 2004). On the other hand, flooding increased SA accumulation,
and based on the SA-JA antagonism, we therefore suggest a role of the
flooding-induced SA in suppressing the JA-dependent defence responses
in flooded plants before the herbivory occurred (Thaler et al. 2012; Caarls
et al. 2015). To our knowledge, so far no studies have been conducted
to analyse hormonal interactions regulating plant defences against leaf
herbivores under flooding conditions. A study on combinations of flooding
and root herbivores in rice (Oryza sativa) has recently been performed
and showed that although flooding reduced root JA concentrations, the
herbivore-induced JA response was independent of flooding. Moreover,
root ABA, SA and ET levels were not affected by herbivory, leaving JA
signalling alone at the centre of defence response in rice roots (Lu et al.
2015). Therefore, our findings are valuable insights and a good base for
future research on dissecting the molecular mechanism underlying the
effect of flooding on folivory.

Ecological consequences of molecular stress response
interactions on plant resistance to insect herbivores
Owing to the species specificity of the interaction between plant responses
to abiotic and biotic stress factors, drought and flooding have been
reported to have varying effects, both increasing and reducing defences
against insect herbivores (Dávalos & Blossey 2010; Khan et al. 2010;
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Erb et al. 2011; Gutbrodt et al. 2011; Weldegergis et al. 2015). Moreover,
abiotic stresses strongly alter plant primary metabolism, such carbon and
nitrogen metabolism, which affect the nutritional value of plant tissues
for insect herbivores. These primary metabolic responses, again, are very
much variable, depending on the stress regimes and plant strategies
to tolerate stresses (Kreuzwieser et al. 2002; Showler & Moran 2003;
Huberty & Denno 2004; Sairam et al. 2009; Aranjuelo et al. 2011; DeLucia
et al. 2012; Rivas-Ubach et al 2014; Lu et al. 2015). On the other hand,
specialist insect herbivores are generally considered to better tolerate or
avoid plant defences than generalist insects (Govind et al. 2010; Ali &
Agrawal 2012; Petek et al. 2012). All of these factors combined contribute
to the effects of abiotic stresses on the growth and development, and
thus feeding activity of insect herbivores. This makes the prediction of
plant resistance to insects based solely on plant molecular responses very
difficult. Therefore, assessment of the insect performance on stressed
plants is essential to understand the ecological consequence of the
intricate interaction of plant responses to multiple stresses.
Our results showed that drought increased, as predicted, the resistance
of S. dulcamara to the generalist BAW, corresponding to the enhanced
defence responses, such as PI and terpenoids, in drought-stressed
plants (Chapter 2 & 4). Interestingly, the drought effect on S. dulcamara
resistance to BAW was consistent between the two experiments despite
the fact that drought reduced the leaf total protein contents in one case
(Chapter 2) but increased them in the other (Chapter 4) and that there
were discrepancies in hormonal and photosynthetic responses (see
above). Drought stress has been well described to enhance intracellular
proteolytic activity, resulting in degradation of chloroplast stroma proteins
and consequently lower total protein content and photosynthetic efficiency
(Degenkolbe et al. 2009; Mosolov & Valueva 2011; Avice & Etienne
2014). However, mild and intermittent drought stress often increase plant
foliar sugar and nitrogen contents compared to a normal watering regime,
possibly because rehydration decreases proteolytic activity and results in
photosynthetic recovery (Huberty & Denno 2004; Simova-Stoilova et al.
2010; Rivas-Ubach et al 2014; Challabathula et al. 2015; Couture et al.
2015). Moreover, drought alone strongly increases PI content (Chapter
4), whose activity counteracts the effects of drought to sustain the sink
status of leaves (Desclos et al. 2008; Mosolov & Valueva 2011). This
might explain the induction of some photosynthetic processes and higher
protein content in drought-stressed plants, compared to the well-watered
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ones, in Chapter 4. The negative effect of drought on BAW performance
despite the higher protein content indicates that the generalist is sensitive
to the drought-enhanced defence responses and not be able to benefit
from the increased protein content.
Flooding did not affect the resistance of S. dulcamara plants to BAW
(Chapter 2). The suppression of metabolic processes by flooding caused
a reduction and/or delay in many herbivore-induced responses compared
with the well-watered and drought treatments, as shown for PI production.
This might allow the generalist insect to consume more leaf material to
compensate for the lower total protein contents of the leaves of flooded
plants, resulting in insect weight gain comparable to the well-watered
treatment (Kondoh et al. 2001; Kreuzwieser et al. 2002; Showler & Moran
2003).
In contrast to the effect on the generalist BAW, the same drought
treatment in Chapter 4 did not increase S. dulcamara plant resistance to
the specialist CPB but, if anything, reduced plant resistance, despite the
drought-increased PI response to the insect. This agrees with studies in
Arabidopsis thaliana, Brassica oleracea and Alliaria petiolata that, too,
have indicated that specialist insects are not as sensitive as generalist
insects to the changes in plant defences induced by abiotic stresses,
including drought (Khan et al. 2010; Gutbrodt et al. 2011; Mewis et al.
2012). CPB larvae growth is also less affected by the wound/JA-induced PI
in potato plants compared to BAW (Ortego et al. 2001). Therefore, it might
be that CPB larvae tolerated the drought-enhanced PI levels, and possibly
other defence responses, were able to benefit from the higher total protein
contents. Besides, the aforesaid drought-enhanced responses that are not
related to defences against insects might further divert plant resources
away from the production of effective defences as well as increase the
non-defensive component of the total protein pools of drought-stressed
leaves (Chapter 4). Our results thus support previous reports that the
specialist CPB may influence the interaction of plant responses to multiple
stresses to their favour to compensate for the negative effects of several
defence responses that are enhanced by drought.
However, in our choice tests, CPB adults still preferred to lay eggs on
well-watered plants over drought-stressed plants (data not shown). Insects
are known to use plant volatile cues to detect more suitable hosts and
avoid their natural enemies (Kessler & Baldwin 2001; Tariq et al. 2013).
Changes in herbivore-induced volatile emission caused by drought in B.
oleracea plants, which lacked a drought-induced ABA response, correlated
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with an oviposition preference of Mamestra brassicae moth on droughtstressed plants over the well-watered ones (Weldegergis et al. 2015). In
contrast, drought enhanced the herbivore-induced emission of several
volatile terpenes from Alnus glutinosa trees, which were detected and
avoided by larvae of green alder sawfly (Monsoma pulveratum) (Copolovici
et al. 2014). According to the transcriptomic data, in S. dulcamara, drought
also enhanced the herbivore-induced biosynthesis of terpene/terpenoid
(Chapter 2 & 4). The tactics of sawfly larvae might be used by CPB adults
to select more favourable host plants for their progenies. Even though an
intermediate drought stress might benefit immediate CPB larval growth,
CPB adults might choose not to lay eggs on drought-stressed plants to
avoid the possibility of prolonged drought periods, which may further
increase defence production and may reduce the plant nutritional quality
over time. Furthermore, defences like PIs might still exert a negative
effect on CPB larval growth. Between S. dulcamara populations under
well-watered conditions that did not affect their leaf total protein contents,
the populations with higher PI levels were more resistant to CPB larvae
(Chapter 5). Our results suggest that although the CPB larval growth may
not be negatively affected by drought stress, drought may reduce CPB
populations on S. dulcamara plants in the long run. Moreover, drought
may, but flooding may not, affect BAW populations on S. dulcamara plants.

Effects of abiotic stresses on defence responses and insect
resistance of different populations
In nature, plant populations are under consistent biotic and abiotic
stresses. The long-term selection pressures in their specific environments
may lead to the evolution of variable plant defence strategies to herbivores
and consequently locally adapted ecotypes (Fornoni et al. 2004; Lankau
et al. 2007; Arany et al. 2008; Gols et al. 2008; Agrawal 2011; Garrido et
al. 2012; Anstett et al. 2015). One of the purposes of this thesis was to
investigate that to what extent molecular interactions of plant responses
to abiotic stress and insect herbivory may explain the adaptation of plant
populations to their complex environments. Therefore, we analysed the
effects of abiotic stresses on plant defence responses and insect resistance
of multiple S. dulcamara populations originating from variable natural
habitats in The Netherlands (Chapter 3 & 5). Plant populations from dry
habitats had higher PI and polyphenol oxidase levels than the ones from
wet habitats when they were under the abiotic stress most typical to the
habitat of origin. This difference, however, seemed to be annihilated when
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the stress different from the conditions of their natural habitat occurred
(Chapter 3). On the other hand, plant populations collected from the
coastal region, which are more prone to stresses such as salinity and high
light intensities, grew smaller and had higher constitutive PI levels and
stronger PI inducibility by drought and CPB herbivory than inland plants.
This was correlated with a higher resistance of the coastal S. dulcamara
plants to CPB larvae under well-watered conditions (Chapter 5). As
demonstrated in Chapter 4, drought did not significantly affect the plant
resistance to CPB larvae and moreover cancelled the difference between
the coastal and inland populations, despite the increasing PI levels of the
coastal ones. However, since PI also functions in responses to abiotic
stresses and enhanced PI response resulted in plant tolerant to drought
and salinity stresses (Huang et al. 2007; Desclos et al. 2008; Zhang et al.
2008; Mosolov & Valueva 2011; Dramé et al. 2013; Díaz-Mendoza et al.
2014). We suggest that having a stronger PI response, although costly in
terms of plant resources, might be adaptive to plant populations growing
in habitats that are prone to these stresses. This supports the hypothesis
that different and consistent selection pressures in distinct geographic
regions may result in the evolution of distinct plant defence strategies
to herbivores (Fornoni et al. 2004; Agrawal 2011; Garrido et al. 2012;
Anstett et al. 2015).
On the other hand, our results showed that the effects of abiotic
stresses, particularly drought, on plant defence responses and resistance
to insect herbivores are dependent on the plant origin (Chapter 3 & 5).
Plants adapted to abiotic stresses in their local environments have been
shown to employ distinct hormonal signalling to regulate physiological and
morphological traits to cope the adverse effects of the stresses (Sharp et
al 2004; Chen et al. 2010; Voesenek & Bailey-Serres 2015; Dawood et
al. 2016). This indicates that the regulation of plant defence strategies of
plants adapted to different environments may vary. In Eruca sativa plants,
Israeli populations from desert or Mediterranean habitats differed in their
chemical defences and resistance to their insect herbivores, correlating
with their different ability to induce hormonal responses, including JA,
SA and ET (Ogran et al. 2016). In S. dulcamara, accessions originating
from different populations seemed to have different ABA and JA levels
under well-watered and drought treatments (unpublished data). This
suggests that hormonal signalling interactions upon insect herbivory may
be different between accessions, resulting in variable outcomes of plant
defence production and resistance to insects. Thus, care must be taken
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when interpret the molecular responses to multiple stresses of a group of
plants of the same origin to explain the interaction outcomes for the entire
species, or even other plant species.

Conclusion and future directions
The results presented in this thesis showed that there are dynamic
molecular interactions between plant responses to abiotic stresses and
insect herbivory, which are specific to the types of stress and insect
herbivores. Combining insights obtained at different organisational levels
(i.e. hormonal, transcriptional and ecological), is a valuable approach to
better understand the molecular mechanisms underlying the optimisation
of plant responses in complex environments. Furthermore, consistent
selection pressures in natural habitats may lead to the evolution of
adaptive traits to both abiotic stresses and insect herbivory, which may
also affect the (interactive) responses to these stresses.
These insights lead to new directions for further research. My research
has shown that hormonal signalling plays a key role in regulating the
interactions of plant responses to multiple stresses. A logical next
step would be to confirm the involvement of specific hormones with
experiments employing genetic and pharmacological modification
of hormone biosynthesis and signalling. Genetic modification of S.
dulcamara is possible and I already identified key hormone biosynthetic
genes and modulators of the signalling cascades. Hormone deficient or
insensitive mutants can be generated to assess the shifts in hormonal
and transcriptional responses to multiple stresses. However, since the
outcome of stress response interactions also depends on plant origin, it is
important to assess the differences or similarities of molecular responses
to combined stress conditions in plant populations from different habitats.
This knowledge would provide a solid basis for interpreting the relevance
of molecular interactions to ecological and evolutionary contexts. We also
found many genes/responses that are coregulated by abiotic stresses and
herbivory and may be involved not only in plant defence against insects
but also tolerance to abiotic stresses. Thus, it would be interesting to
investigate whether the herbivore induction of these responses increases
plant tolerance to the abiotic stresses. Further characterisation of the
genes/responses may result in candidates for integration into crop
breeding programs for multiple stress tolerance/resistance.
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Plants have to constantly cope with a suite of abiotic stress factors, such
as drought and soil flooding, as well as biotic interactions, such as insect
pests. The combined effects of unfavourable weather conditions and plant
enemies surpass the sum of individual stress factors and cause hundreds
of billion US$ in agricultural losses every year. To attain tolerant/resistant
crop varieties, much effort has been made to understand the molecular
mechanisms underlying plant adaptive responses to individual stresses,
which are modulated by a network of hormonal signalling pathways. While
drought and flooding responses are regulated by abscisic acid (ABA)
and ethylene (ET) signalling, respectively, defence responses to insect
herbivores are predominantly regulated by jasmonic acid (JA) signalling.
Furthermore, cross-talk between these and other hormonal signalling,
such as salicylic acid (SA), is essential to fine-tune plant responses to the
stresses as well as in optimising resource allocation to the concomitant
responses. Despite the fact that these stresses commonly occur
simultaneously in the environment, knowledge on how hormonal signalling
interacts to regulate plant responses to multiple stresses is very limited.
Simultaneously occurring stresses may compromise plant hormonal
homeostasis and cause shifts in the regulation of stress responses, which
may result in lower plant survival and performance.
The overall objective of this thesis is to understand how plant
responses to drought and soil flooding interfere with herbivore-induced
defence responses and the ecological consequences of these molecular
interactions. Solanum dulcamara, a perennial species native to Eurasia
that has a broad ecological amplitude, was used for these purposes.
Due to the different interactions between ABA or ET signalling and JA
signalling, in Chapter 2 I tested the hypothesis that drought and soil flooding
have different effects on S. dulcamara defence responses to herbivory by
the generalist insect Spodoptera exigua (beet armyworm, BAW). The results
showed that drought-stressed plants were more resistant to BAW than wellwatered and flooded plants. Both drought and insect feeding increased
ABA and JA levels, whereas flooding did not induce JA accumulation. RNA
sequencing analyses corroborated this pattern: drought and herbivory
co-induced many transcriptional responses related to defence that were
repressed by flooding. Moreover, drought and herbivory had an additive
effect on specific processes involved in secondary metabolism and defence
responses, including protease inhibitor (PI) activity. The results suggested
that the interaction between ABA and JA signalling may be important to
optimise plant defence responses under drought stress.
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Based on the distinct impacts of drought and soil flooding on plant
defence responses, I hypothesized that consistent selection pressures in
natural habitats with prolonged and reoccurring drought or flooding may
result in plants with different defence strategies to herbivores. I tested
this hypothesis in Chapter 3 by subjecting S. dulcamara plants originating
from multiple dry and wet habitats along the coast of The Netherlands to
different watering conditions and measured their levels of serine-type PI
(serPI) and polyphenol oxidases (PPO). I found that populations from dry
habitats had higher serPI and PPO levels than the ones from wet habitats,
especially when plants were under the stress that was typical to the habitat
of origin. Thus, long-term abiotic selection pressures may indeed result in
the evolution of ecotypes varying in defence strategies.
In Chapter 4, I focused on the effect of drought stress on S. dulcamara
plants’ responses and herbivore resistance. As plant-insect interactions
are often species-specific, I hypothesized that drought-induced
responses of S. dulcamara plants differentially interact with herbivoreinduced responses to the generalist BAW or the specialist Leptinotarsa
decemlineata (Colorado potato beetle, CPB). Similar to what was found
in Chapter 2, drought increased plant defence responses and resistance
to BAW. Drought, however, did not affect the performance of CPB. Both
BAW and CPB herbivory strongly induced the accumulation of JA and ABA
in drought-stressed plants. On the other hand, drought stress enhanced
CPB-induced SA accumulation and supressed CPB-induced ET emissions,
but did not affect BAW-induced ET emissions. Correspondingly, microarray
analyses showed that drought stress increased the herbivore-induced
production of JA/ABA-dependent defence responses, including PI activity.
However, the transcriptional responses related to cell wall remodelling and
metabolism of carbohydrates and lipids were less prominently induced
upon CPB than upon BAW herbivory on drought-stressed plants. On the
other hand, drought combined with CPB herbivory more strongly enhanced
several responses unrelated to insect defence, which may divert plant
resources away from the production of effective defences against CPB. Our
results suggest that while BAW suffers the drought-enhanced defences of
S. dulcamara plants, CPB-induced responses result in a different hormonal
signalling cross-talk nullifying of drought-enhanced defence responses to
CPB.
In Chapter 5, I further tested whether the effect of drought on
defence-related responses, such as PI, and resistance to CPB were
differentially shaped by distinct environmental conditions. S. dulcamara
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plants collected from populations in coastal and inland regions in The
Netherlands were subjected to watering treatments and their growth, serPI
levels and resistance to CPB were measured. The results showed that
the plants collected from the coastal region grew smaller but had more
pronounced serPI response to drought and herbivory by L. decemlineata
than the inland plants. This was correlated with a better performance of
CPB larvae on the inland plants but only under well-watered conditions. Our
results support the hypothesis that increasing defence-related traits like
PIs that also function in responses to abiotic stresses, may be costly but
also might be adaptive to plant populations growing in the coastal habitat
which are prone to suffering these stresses. Therefore, different selection
pressures in distinct geographic regions may lead to the evolution of
distinct ecotypes with variable strategies to respond to biotic and abiotic
stresses.
Finally, I synthesize and discuss the results of this thesis in Chapter 6
with respect to the current knowledge on hormonal and transcriptional
responses to multiple stresses, as well as to the ecological relevance of
these molecular response interactions. The results of this thesis illustrate
that the dynamic molecular interactions between plant responses to abiotic
stresses and insect herbivory are specific to the types of stress and insect
herbivores. Moreover, consistent selection pressures in natural habitats
may lead to the evolution of traits that are adaptive to both abiotic stresses
and insect herbivory. Further investigation of the genes/responses that
are coregulated by abiotic stresses and herbivory may result in candidates
for integration into crop breeding programs aiming for multiple stress
tolerance/resistance.
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Planten moeten voortdurend omgaan met een scala aan abiotische
stressfactoren, waaronder droogte of overstroming. Tegelijkertijd moeten
zij zich ook verweren tegen hun vijanden, zoals bijvoorbeeld herbivoren.
Als deze factoren individueel optreden, kan een plant daar adequaat op
reageren. Dit aanpassingsvermogen van planten wordt vooral gereguleerd
door middel van hormoonsignalering. Als gevolg daarvan worden specifieke
genen geactiveerd die coderen voor de benodigde aanpassingen in de plant.
Er is al veel bekend over de hormonen die een rol spelen bij de signalering
van stress responsen. Terwijl droogte- en overstromingsresponsen
voornamelijk worden gereguleerd door de plantenhormonen abscisinezuur
(ABA) en ethyleen (ET), vindt de regulering van afweerreacties tegen
insecten hoofdzakelijk plaats middels jasmonzuur (JA). Interacties met
andere hormonen, zoals salicylzuur (SA), zijn echter essentieel voor een
adequate reactie op de stress evenals het beschikbaar stellen van de
daarvoor noodzakelijke opgeslagen voedingstoffen.
Hoewel verschillende stressfactoren vaak gelijktijdig in het milieu
voorkomen, is de kennis over hoe hormoonsignalering werkt in geval
van meervoudige stress nog zeer beperkt. Omdat de hormonale
signalen die gebruikt worden bij de aanpassing op abiotische stress
en de inductie van afweer tegen herbivorie deels overlappen, kan het
gelijktijdig voorkomen van stressfactoren een verschuiving veroorzaken
in de hormonale balans. Dit kan leiden tot een sub-optimale response,
hetgeen uiteindelijk kan leiden tot een lagere overlevingskans van het
individu of een verminderde zaadvorming. Het gecombineerde effect
van nadelige weersomstandigheden en vraatschade is inderdaad vaak
erger dan de som van de individuele factoren en resulteert jaarlijks in
honderden miljarden dollars schade voor de landbouwsector wereldwijd.
Daarom is het van belang meer onderzoek te doen aan de regulering en
optimalisering van hormonale signalering in planten die blootgesteld zijn
aan abiotische stress en herbivorie.
Dit proefschrift is geschreven met als doel om meer te weten te
komen over op welke manier droogte en gedeeltelijke overstroming
invloed hebben op door herbivoren geïnduceerde afweerreacties en wat
de ecologische consequenties daarvan zijn. Met dat doel voor ogen is
Solanum dulcamara, een in Eurazië inheemse plantensoort met een zeer
brede ecologische verspreiding, gebruikt als modelsoort.
In de inleiding (Hoofdstuk 1) vat ik de literatuur op het gebied van
de hormoonsignalering na droogte, overstroming en herbivorie samen. Op
basis van deze literatuurstudie, kon ik specifieke hypotheses opstellen over
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de te verwachten signaalinteracties in planten die zich moeten aanpassen
op abiotische stress en tegelijkertijd moeten verweren tegen herbivorie.
Gebaseerd op wat er al bekend was over interacties tussen ABA of ET
signalering en JA signalering, heb ik in Hoofdstuk 2 de hypothese getest
dat droogte en gedeeltelijke overstroming tegenovergestelde effecten
hebben op de afweerreactie van S. dulcamara op vraat door de rupsen van
de generalistische mot Spodoptera exigua (Floridamot, beet armyworm,
BAW). De resultaten lieten zien dat planten onder droogtestress meer
resistent waren tegen BAW dan planten onder normaal bewaterde of
gedeeltelijk overstroomde planten. Zowel droogte en insectenvraat
verhoogden de ABA en JA gehaltes, terwijl gedeeltelijke overstroming
geen effect had op JA concentraties. Transcriptoom (RNA-sequencing)
analyses bevestigden dit patroon: droogte en herbivorie co-induceerden
veel transcriptiereacties die gerelateerd zijn aan afweer, welke onderdrukt
werden door gedeeltelijke overstroming. Bovendien hadden droogte en
herbivorie een additief effect op specifieke processen die betrokken zijn
bij het secundair metabolisme en andere afweerreacties van de plant,
waaronder de activiteit van proteaseremmers (PI). Deze resultaten
suggereerden dat de interactie tussen ABA en JA signalering belangrijk is
voor de versterking van afweerreacties in geval van droogtestress.
Gebaseerd op de specifieke impact die droogte en gedeeltelijke
overstroming hebben op afweerreacties van de plant, heb ik de hypothese
gesteld dat een consistente selectiedruk in natuurlijke leefgebieden met
langdurige en terugkerende droogte of overstroming zouden kunnen
leiden tot planten met verschillende afweerstrategieën tegen herbivoren.
Ik heb deze hypothese getest in Hoofdstuk 3 door S. dulcamara planten
afkomstig van meerdere natte en droge leefgebieden langs de Nederlandse
kust bloot te stellen aan verschillende waterregimes. Vervolgens heb ik
van deze planten de waarden gemeten van serine-type PI (serPI) en de
activiteit van polyfenol oxidasen (PPO). Zowel serPI’s als PPO kunnen
de groei van herbivoren remmen. Ik vond dat populaties van droge
leefgebieden een hogere serPI en PPO-waarde hadden dan die van natte
leefgebieden, voornamelijk wanneer deze planten onder de stressconditie
stonden die paste bij het oorspronkelijk leefgebied. Op basis hiervan kon ik
concluderen dat langdurige abiotische selectiedruk inderdaad kan leiden
tot het ontstaan van ecotypes die verschillen in hun afweerstrategie.
In Hoofdstuk 4 heb ik me gericht op het effect van droogtestress
op de afweer tegen verschillende soorten herbivoren. Omdat plantherbivoor interacties vaak soortspecifiek zijn heb ik de hypothese getest
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dat door droogte geïnduceerde responsen van S. dulcamara planten
een verschillend effect zullen hebben op de responsen geïnduceerd
door de generalist BAW of de specialist Leptinotarsa decemlineata
(Coloradokever, Colorado potato beetle, CPB). Zoals al vastgesteld in
Hoofdstuk 2, versterkte droogte de afweerreacties en resistentie tegen
BAW. Droogte had echter geen effect op de groei van CPB. Zowel BAW- als
CPB-vraat induceerden sterk de accumulatie van JA en ABA in door droogte
gestreste planten. Droogtestress versterkte echter ook de door CPBgeïnduceerde SA accumulatie en onderdrukte de door CPB-geïnduceerde
ET emissie, maar had dit effect niet op de door BAW geïnduceerde ET
emissie. Transcriptoom analyses aan hand van microarrays bevestigden
dat droogtestress de door herbivoren geïnduceerde JA/ABA-afhankelijke
afweerreacties versterkte, waaronder de PI activiteit. Echter, CPB-vraat had
een minder sterk effect op genen die te maken hadden met het aanleggen
van celwanden en het metabolisme van koolhydraten en vetten in planten
onder droogtestress. Wanneer droogtestress werd gecombineerd met CPBvraat versterkte dit tevens meerdere reacties die niet gerelateerd zijn aan
afweer tegen insecten. Dit kan erop duiden dat plantenvoorraden anders
werden ingezet dan voor de productie van effectieve afweer tegen CPB.
Deze resultaten suggereren dat hoewel BAW lijdt onder de door droogte
versterkte afweerreacties van S. dulcamara, CPB-geïnduceerde reacties
resulteren in een ander hormoonsignaleringsnetwerk dat de door droogte
versterkte afweerreacties tegen CPB teniet doet.
In Hoofdstuk 5 heb ik getest of afweer-gerelateerde responsen, zoals
PI activiteit en resistentie tegen CPB, op verschillende wijzen worden
beïnvloed door verschillende milieucondities. S. dulcamara planten die
verzameld waren in verschillende populaties langs de Nederlandse kust en
verder landinwaarts werden blootgesteld aan verschillende waterregimes
en hun groei, serPI-waarden en resistentie tegen CPB werden gemeten. De
resultaten lieten zien dat de planten die verzameld waren langs de kust
over het algemeen kleiner bleven en een sterkere serPI-reactie vertoonde
op droogte en CPB-vraat dan planten uit het binnenland. Dit correleerde
met een sterkere gewichtstoename van CPB-larven op bladmateriaal van
binnenlandse planten, maar alleen wanneer de planten normaal bewaterd
waren. Deze resultaten ondersteunen de hypothese dat het verhogen
van afweer-gerelateerde eigenschappen, zoals PI’s die ook een functie
vervullen in aanpassingen op droogtestress, kostbaar kunnen zijn als het
gaat om plantengroei. Tegelijkertijd kunnen zij ook een aanpassing zijn
die het mogelijk maakt dat S. dulcamara populaties kunnen gedijen in
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kustgebieden, waar ze vaak te maken hebben met droogte- of zoutstress.
Een verschil in de heersende selectiedruk op planten uit duidelijk
gescheiden regio’s kan dus leiden tot duidelijke ecotypes met variërende
wijzen van reageren op biotische en abiotische stress.
Tot slot eindig ik in Hoofdstuk 6 met een synthese van de resultaten
in de experimentele hoofdstukken met het oog op de nieuw verworven
kennis over hormonale en transcriptionele responsen bij meervoudige
stressfactoren en benadruk ik de ecologische relevantie van deze nieuwe
inzichten. De resultaten van dit proefschrift illustreren dat de dynamische
moleculaire interacties tussen plantresponsen op abiotische stress en
insectenvraat specifiek zijn voor het type stress en de soort van herbivoor.
Bovendien kan een consistente selectiedruk in natuurlijke leefgebieden
ertoe leiden dat er eigenschappen ontstaan die als aanpassing gelden
voor zowel abiotische stress als insectenvraat. Verder onderzoek naar
de genen en responsen die verantwoordelijk zijn voor co-regulatie
van abiotische stress en herbivorie kan resulteren in de identificatie
van genen of eigenschappen die geïntegreerd kunnen worden in
veredelingsprogramma’s. Op die manier kunnen meervoudig tolerante en
resistente gewassen worden verkregen .
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